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ABSTRACT
THE IMPACT OF COATING ARCHITECTURE ON THE HARDNESS, 
FRICTION AND WEAR RESISTANCE OF HARD AND 
TRIBOLOGICAL NANOCOMPOSITE COATINGS
by
Jose Luis Endrino 
University of New Hampshire, December, 2003
Future generations of mechanical systems will place new 
demands on the tribological performance of interacting surfaces. 
Vapor-deposited surface coatings can provide extended lifetimes, 
increased efficiencies and energy savings for mechanical components 
and tools. These benefits can also be extended to space mechanisms 
and satellites with the use of vacuum solid lubricants. The material 
properties of surface coatings such as hardness, friction, and wear 
resistance in a particular environment are influenced by the 
characteristics of the coating microstructure which include density, 
grain size, grain boundary chemistry, porosity, and grain orientation.
In this research effort bias sputter deposition, co-sputtering, and 
magnetron sputtering-pulsed laser deposition are used to deposit and 
control the formation of composite coating architectures. The 
developed microstructures were studied by x-ray diffraction (XRD), 
scanning electron microscopy (SEM) and transmission electron
xvii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
microscopy (TEM). Mechanical and tribological tests included 
nanoindentation and pin-on-disk. Results were analyzed in relation to 
the coatings' chemical composition and m icrostructure with the 
objective of establishing structure-property relations fo r these films.
Hard coatings presented in this thesis include carbides that form 
a solid solution (Ti-Hf-C) as well as carbides that form composite 
microstructures (WC-SiC, HfC-SiC). Hardness measurements on these 
films indicated the potential of transition metal carbide -  silicon 
carbide composites to be utilized as protective coatings. With the use 
of a substrate bias potential, a hardness of over 35 GPa was achieved 
for some HfC-SiC samples.
By co-depositing from carbide and silver targets, composite 
tribological coatings (e.g. SiC-Ag, WC-Ag, TiC-Ag, HfC-Ag) were 
developed. These systems revealed how critical materials selection can 
be in the determination of a coating's architecture, and how carbide- 
silver films can be used to provide low friction and high wear 
resistance in vacuum applications. For instance, a titanium carbide -  
silver film (15% Ag) obtained by the MS-PLD technique yielded a 
vacuum friction coefficient of 0.21. This is lower than the 0.25 friction 
coefficient observed for a pure silver coating, and with half the wear. 
These results demonstrate that multi-component films of transition
xviii
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metal carbides and silver can be co-deposited with the individual 
phases can be retained.
xix
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IN TR O D U C TIO N
The movement of one mechanical component with respect to 
another is controlled by the characteristics of the interacting surfaces; 
hence improvements in the design of new types of surfaces benefits 
modern industrial, aerospace, and biomedical technologies. With the 
development of film deposition techniques, designers have been able 
to change the surface structure by the application of coatings, thereby 
controlling the attributes of these surfaces such as friction and wear.
Tribological coatings are defined as coatings that improve the 
friction and wear properties of the surface. One group of tribological 
coatings, known as "hard coatings" is used to provide protection 
against abrasion from hard counterparts, and in some cases can also 
reduce friction. For example, titanium nitride (TiN) or titanium carbide 
(TiC) coatings have been utilized successfully to extend tool life times 
by a factor of ten or more [Holmberg et. al., 1994]. A second group of 
tribological coatings, used as solid lubricants, are soft and lubricious 
and are primarily applied to a hard material to reduce sliding friction. 
For instance, a soft metal coating of silver, gold, or lead can be 
employed to decrease the rolling contact fatigue fracture of rolling or 
sliding bearings.
1
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Today's new generation of mechanical systems require higher 
power to mass ratios while working under extreme conditions and in 
severe environments, creating new tribological challenges. To solve 
the tribological problems, the design and application of new coatings 
has been proposed, including gradient, m ultilayer or composite 
coatings tha t can augment the properties of the combined materials 
[Zabinski et. al., 1998]. The main difference among these coatings is 
that while in gradient and multilayer coatings the chemical composition 
changes in a gradual or layer manner (in a direction normal to the 
surface), composite coatings contain several phases but have a 
globally uniform composition profile. Recently, many advances have 
been made in the field of nano-structured composite coatings, as 
researchers have shown the potential of nanocomposites not only as 
hard coatings, but as "load adaptive" friction reducing coatings in 
extreme environments [Voevodin et. al., 1997].
Advances in hard coatings
Cutting and molding of engineering materials are two major 
shaping processes used in the production of mechanical components. 
The abrasive wear of tools and molds is strongly influenced by the 
surface hardness of the work piece. Consequently, coating machining 
tools and dies with hard coatings is of great importance. Hard coatings 
can be either intrinsically hard, or strengthened via microstructural
2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
modifications (referred to as extrinsically hard). Intrinsically 
superhard (Vickers hardness > 40 GPa) materials include diamond and 
cubic boron nitride [Chung, 2003]. Polycrystalline diamond coatings 
have been successfully deposited by chemical vapor deposition. 
However, the high solubility of carbon in iron and other metals limits 
the application of these coatings as cutting tools. On the other hand, 
c-BN is resistant to oxidation and is not reactive with most metals at 
elevated temperatures. But, due to an unavoidable high internal 
residual stress created during coating deposition, only sintered c-BN 
crystallites bonded to some substrates have been used so far in limited 
machining applications [Verprek et. al., 1995].
Extrinsic superhard materials, in which the mechanical properties 
are determined by microstructural arrangement of the constituent 
phases, promise a new generation of hard coatings that will meet the 
demand for wear protection coatings [Bull et. al., 1989]. Holleck 
[1986] described how material selection can play a critical role in the 
determining the properties of hard coatings. It  was proposed that with 
proper design of factors such as the size, density and coherency of 
grains and interfaces and the type of bonding between the combined 
phases, properties exceeding the rule of mixtures can be realized.
Hall-Petch [Ohring, 1992] established a semi-empirical formula, 
H(d)=H0+ kd '0-5, in which the hardness (H) of a material increases with
a
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a decreasing crystallite size (d). However, later studies in 
nanocrystalline iron and nickel suggested a reverse of the Hall-Petch 
effect in crystalline materials with grain sizes < lp m  [Christiansen et. 
al., 1998]. In ceramic materials, a sim ilar effect was observed when 
the grain size was lower than 10 nm [Zahng et. al., 2003]. This 
observed softening effect was attributed in great part to sliding at the 
boundaries.
The search for extrinsic superhard materials has recently been 
focused on nanocomposite superhard microstructures consisting of a 
nanocrystalline material embedded in a hard amorphous phase. Recent 
reports on the mechanical properties of nanocomposite ceramic thin 
films have claimed dramatic property enhancements, including 
hardness levels exceeding that of diamond and high fracture 
toughness [Patschneider, 2003; Verprek, 1995a, 1995b]. One of the 
first studies of films of this type examined TiN/Si3 N4 films deposited by 
plasma-assisted CVD at 550°C [Verprek et. al., 1995, 2000]. 
Hardness levels near 80 GPa were reported, and the maximum 
hardness was obtained in a film with 8-9 at. % Si with a crystallite size 
of 3-3.5 nm. In the experimental studies, XPS results demonstrated 
that the Si in their films was bonded only to N, indicating an 
amorphous Si3 N4 phase had formed. Further studies were conducted 
by using high-resolution TEM [Christiansen et. al., 1998] and a
4
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combined amorphous/crystalline composite structure was observed 
with a crystallite size near 4 nm. Additional studies were conducted 
demonstrating super-hardness in nc-W2N/a-Si3N4 and nc-V2N/a-Si3N4 
[Verprek et. al., 2000]. Results claimed that films had hardness values 
higher than diamond, however these results were considered 
controversial by the scientific community because the Doerner-Nix 
[1986] hardness testing method was employed, rather than the more 
commonly accepted Oliver-Pharr analysis [Oliver et. al., 1992]. The 
Doerner-Nix method is capable to obtain the hardness and Young's 
modulus of coatings from the data obtained by a depth sensing 
indentation instrument, however it does not take into account the 
elastic recovery produced during the indentation. Hence, this method 
is not considered adequate for testing of hard ceramic coatings. In 
contrast, the Oliver-Pharr method establishes a power law relationship 
during the indentation unloading and can accurately account for the 
elastic recovery, and therefore has been the method most widely 
employed by most researchers in the field.
A number of other studies have examined microstructural effects 
on film properties in nanocomposite coatings. For example, Zabinski 
and Voevodin [1997] investigated nanocrystalline TiC/amorphous 
carbon (a-C) composite films. The coatings consisted of 10 nm sized 
TiC crystallites embedded in an sp3 bonded amorphous matrix. The
5
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hardness (determined using the Oliver-Pharr method) reached 32 GPa.
Recent studies have also demonstrated the formation of Ti-C:H 
thin film nanocomposites using hybrid PVD/CVD and reactive PVD 
techniques [Meng et. al., 2002; Zehnder et. al., 2000]. Using 
transmission electron microscope (TEM) and extended X-ray 
absorption fine structure (EXAFS) spectroscopy, Meng et. al. [2002] 
determined that Bl-TiC crystallites were embedded in an a-C:H 
matrix. The coatings reached a maximum hardness value of 20 GPa for 
45% Ti content.
In another example of multiphase nano-structured coatings that 
were analyzed using the Oliver-Pharr method, S.H. Koutzaki et. al. 
investigated the Ti-Si-C system [2001a, 2001b, 2002]. XPS results 
reported a range of film compositions ranging from TiC to Ti-Si-C with 
15% Si. The hardness increased from 12 to 22 GPa with increasing Si 
content. Ti-Si-C films were also studied by Phani and Krzanowski 
[2002] by pulsed laser deposition, a similar effect on the mechanical 
properties with increasing silicon content was observed.
Additional efforts have focused on nanocomposite nitride 
coatings, and in particular on Ti-Si-N [Meng et. al., 2002; Rebouta et. 
al. 2000; Vaz et. al, 2000; Verprek et. al., 1995]. In an effort to 
reproduce the results of Veprek et. al. [1995a, 1995b, 1996, 2000], 
Meng et. al. [2002] also deposited TiN/SiN coatings, and conducted
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extensive high resolution transmission electron microscopy (HRTEM) 
and X-ray absorption near edge structure (XANES) spectroscopy on 
these films to show the formation of a nanometer scale structure of 
Bl-TiN and a:SiN,. For the entire composition range, the measured 
hardness stayed below 32 GPa, which is significantly lower than the 80 
GPa claimed by the Veprek group. Nevertheless, nanocomposite 
coatings may still be beneficial in the reduction of wear of mechanical 
components. Consequently, efforts are being made to manufacture 
nanoscale coatings on a large scale [Munz, 2003],
Advances in composite solid lubricant coatings
Soft, lubricious coatings are needed to make precision parts 
resistant to adhesive wear and surface fatigue. Similar to hard 
coatings, new tribological coatings that can reduce the wear of 
mechanical components and decrease the use of lubricants are needed 
in modern applications. The friction coefficient of soft lubricant 
coatings is commonly tested in different environments such as dry air, 
moist air or vacuum and at different loads and sliding speeds to 
determine the possible applications. For instance, soft coatings 
commonly used in vacuum environments include dichalcogenides such 
as molybdenum disulfide and tungsten disulfide and soft metals such 
as silver or gold. However, the applicability of soft coatings can be 
limited by their high wear rate at high loads. One solution to this
7
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problem is to combine hard and lubricant layers in a film to adequately 
support the lubricant and decrease the wear rate.
In an earlier study, Ikeda et. al. [1989] developed an 
experimental apparatus for the testing of ball screws in ultrahigh 
vacuum. The inventors observed that a ball screw by a thin layer of Ag 
on top of a thicker layer of TiC moved 21000 times for only 1310 times 
of the uncoated ball screw.
In a different approach, Voevodin et. al. [1998, 2003] proposed 
the use of nano-composite structured coatings that can achieve 
surface self-adaptation through chemical and structural changes to 
different loads and environments. One of the most successful coatings 
so far has been WC/DLC/WS2 , which exhibited a low friction coefficient 
in a vacuum environment (~0.03) and excellent friction recovery 
between dry and moist air environments [1999]. The low friction 
exhibited under vacuum was attributed to the weak Van der Waals 
forces between the hexagonal basal planes of WS2 . While the low 
friction in air was related to the formation of a graphite-1 ike transfer 
film formed during wear. The coatings were labeled as 'chameleon' 
because of the coatings' ability to adapt to different environments.
More recently, an attempt was made to extend the chameleon 
effect to include high temperature environments. YSZ/Au/MoS2/DLC 
coatings were designed for this purpose [Voevodin et. al., 2001].
8
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Similar to WC/DLC/WS2 , friction results fo r YSZ/Au/MoS2/DLC 
indicated excellent endurance in vacuum, dry N2 and humid air, but 
low endurance at high temperature.
The applicability of lubricant nanocomposite coatings can also be 
extended to biomedical applications. For instance, recently, Narayan 
et. al [2003] demonstrated the advantages of incorporating 
nanocrystalline Ag particles into a DLC film for use in biomedical 
implanted devices. The antimicrobial effect of silver reservoirs helps 
reduce the infections associated with biomedical implants at the same 
time help decrease the internal stress of the DLC films which usually 
lead to poor adhesion and peel off. These results score the beneficial 
effects of solid lubricant reservoirs in a hard amorphous matrix.
.tb .ft .pprrent, rfi„§.gi  ry h 
Given the need to establish accurate correlations between 
composite nanostructured coatings and their mechanical and 
tribological behavior, this dissertation addresses the role of 
microstructure on the hardness, friction, and wear of both hard 
coatings and composite hard/solid lubricant coatings. The coatings 
studied in this thesis work include both ternary carbide hard coatings 
and carbide-silver solid lubricant coatings for vacuum applications. In 
the ternary hard coatings, the objective is to study the effect of Si on
9
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the phase formation and microstructure of early transition-meta! 
carbide films and its influence on mechanical properties. Similarly, this 
thesis studies the influence of silver (a solid lubricant in vacuum) on 
the microstructure of transition-metal carbides (i.e. TiC, HfC, WC) and 
its effect on vacuum tribology.
All the coatings have been deposited by physical vapor 
deposition. Physical vapor deposition (PVD), in contrast to chemical 
vapor deposition (CVD), is considered a "cold" coating process that 
generally lacks chemical reactions. This allows for the simultaneous 
use of two or more deposition sources that, in many cases, lead to the 
creation of multiphase composite films as a result of the favorable 
deposition kinetics and the positive heat of mixing of the deposited 
substances. Cheng et. al. [1995] demonstrated this concept by co- 
depositing Ag and Mo, and Ag and Ni from two different electron beam 
evaporation sources, where the degree of phase separation was 
controlled by the substrate temperature.
Materials selection can also be critical to achieving phase 
separation at a micrometer scale level, as it is the case for some 
carbide - silver coatings (e. g. WC-Ag, TiC-Ag) or at the nanometer 
scale, as it is occurs in some ternary carbide systems (e.g. Hf-Si-C, 
W-Si-C).
10
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Characterization techniques such as x-ray diffraction (XRD), 
scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) are powerful tools in the structural analysis of thin 
films. These three techniques complement each other to allow 
materials scientists to obtain a clear interpretation of the film 
architecture. Similarly, the mechanical and tribological properties of 
thin films can be obtained by the use of techniques such as 
nanoindentation and pin-on-disk, which are standard tools employed in 
the determination of the hardness, elastic modulus, friction coefficient, 
and wear rate of thin films.
In addition to the experimental investigations, it is also 
important to find methods to theoretically analyze and design 
composite coating. It is clear that this is a multidisciplinary task that 
involves numerous materials characteristics and can be influenced by 
several wear mechanisms. Nevertheless, it is well known that the 
stress field under loading influences significantly the cohesion, 
adhesion and substrate failure of metallurgical coatings. On this note, 
this dissertation explores the concept of modeling and design of 
surface coatings uses linear elastic finite element modeling to describe 
the stress field and deformation of composite coatings, which could be 
used in the prediction of the failure mode and load-bearing capacities 
of composite coatings.
l l
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Structure of the dissertation
The dissertation is separated into six chapters.
The first chapter is on the experimental methodology. It
describes the dual-magnetron sputtering deposition and magnetron 
sputtering - pulsed laser deposition (MSPLD), structural
characterization techniques: x-ray diffraction (XRD), transmission 
electron microscopy (TEM) and scanning electron microscopy (SEM), 
and the mechanical tests implemented: nanoindentation and pin-on- 
disk.
Chapters 2 and 3, focus on the microstructure and mechanical 
properties of composite carbide hard coatings, respectively. These two 
chapters describe the microstructure of ternary carbide systems such 
as Ti-Hf-C, Ti-W-C, Hf-Si-C and W-Si-C among others. Also, a 
strengthening mechanism is presented that explains the improvement 
in the mechanical performance of ternary carbide nanocomposites and 
differentiates them from solid solution carbides.
Chapters 4 and 5 address the topic of composite tribological
coatings, and more specifically of carbide-silver thin films. Chapter 4 
illustrates, among other things, how the microstructures formed in the 
deposition of ceramic-metal coatings are dependent on coating 
composition and the selected deposition technique. The tribological 
properties of composite coatings are presented in chapter 5. This
12
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chapter shows that combining a ceramic material and a solid lubricant 
can optimize the wear resistance and friction coefficient of mechanical 
tools and components.
In the final chapter, linear elastic finite element modeling is 
employed to interpret structure-property relations in hard and 
tribological coatings. The program OOF (object oriented finite element) 
[Langer et. al., 2001] is used to calculate macroscopic properties from 
a real WC micrograph, and to design ceramic-metal coatings using 
simulated microstructures. The potential for this non-reductionist new 
approach to calculate the load bearing capacities of composite coatings 
is demonstrated.
13
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CHAPTER I
DESCRIPTION OF THE METHODOLOGY
Physical vapor deposition (PVD) methods are characterized by 
the transfer of atoms from a source to a substrate. The two processes 
that will be described in this section (sputtering and PLD) can 
incorporate multiple sources that can be set up and programmed 
independently. This allows for full control of film composition. 
However, the mechanisms of film growth involved in determining the 
coating microstructure are more complex and can be highly dependent 
on many variables, and will be the subject of discussion in chapters 2 
and 4.
1.1.1 Dual Magnetron Sputtering
Sputtering uses a glow discharge to generate a flux of (Ar+) ions 
incident on a target, which causes atoms to be ejected from the target 
through the transfer of momentum. The magnetron sputtering process 
is widely used in industry because of its capability to deposit from alloy 
targets, good deposition rates, and ability to form polycrystalline films 
with good adhesion to substrates [Ohring, 1992]. Given the high 
energy of the electrons, ions and atoms, which can cause heat input 
into film and substrate, increase the growth and the rate of diffusion of
14
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the deposited atoms, it is important to have external control of the 
temperature of substrate materials [Thornton, 1981].
Fig. 1-1 Dual-magnetron sputter deposition system.
F igure  1.1 shows the dual magnetron sputtering deposition 
system used in this research. This system consists of a high vacuum 
deposition chamber that was usually evacuated to a base pressure of 
6 .7 x l0 '5 Pa and then back filled with high purity argon to a pressure of 
1.33 Pa during sputtering. Two sputtering guns are mounted on the 
top lid of the chamber, and are powered by two RF power supplies. 
The system also incorporates a substrate heater capable of reaching 
temperatures up to 650°C was electrically insulated from the chamber 
walls to allow for DC bias sputtering. The heater was connected to a 
DC power supply through a filter box that allowed for applying a
15
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voltage bias to the substrates during RF sputtering as described in 
reference [Stone et. al, 1983]. Typical bias voltages varied from -25V 
to -150V. This technique was very useful in increasing the density of 
the deposited films, and is well-known to improve the electrical and 
mechanical properties of the films.
A quartz crystal thickness monitor was used to measure film 
thickness, which was typically set at ~750 nm.
Pulsed laser deposition (PLD) is a unique PVD tool, in which a 
focused laser beam ablates a solid target, creating a small plasma 
plume made of molten particles, atoms, and ions [Voevodin et. al, 
1995]. This highly energetic technique allows for the deposition of 
dense films without the use of a substrate bias. The biggest 
disadvantage is the small substrate sizes that can be used with good 
uniformity of the films [Greer et. al., 1995]. Magnetron sputtering - 
pulsed laser deposition (MSPLD) is a hybrid technique where plasma 
from the two sources intersects at the substrate surface to form 
composite structures [Voevodin et. al., 1996]. Figure 1.2 shows the 
MSPLD system used in our laboratory, which consists of a pulsed laser 
deposition (PLD) system (PVD Products, Inc., Bedford, MA, Model 
3000), that incorporates a magnetron sputtering gun. The laser 
employed was a KrF (248 nm) eximer laser incident at a 45° angle to
16
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the target with a 25 ns pulse length and a typical repetition rate of 50 
Hz.
The sputtering gun was connected to a DC power supply, and 
was incident at a 60° angle to the substrates. The magnetron 
sputtering gun used was operated using a DC power supply. A 
commercially fabricated 3-inch diameter target was used for PLD, and 
a 2-inch diameter target was used for sputtering.
Fig. 1-2 Magnetron sputter assisted pulsed laser deposition system.
The distance from the PLD target to the substrates was 63 mm while 
the distance from the sputtering target to the substrates was 68 mm.
The substrates used were 1-inch diameter 440C steel hardened 
disks, which were firs t coated with a 50 nm titanium  film  for adhesion
17
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and lx l  cm silicon (111) wafers to facilitate the XRD identification of 
phases and TEM sample preparation.
Analysis
Analysis of elemental composition was performed mainly by two 
techniques. X-ray photoelectron spectroscopy (XPS) was utilized for 
ternary carbide coatings where the depth composition was uniform 
through the sample, and energy dispersive x-ray spectroscopy was 
used in carbide -  silver coatings where the silver content of the film 
was calculated with respect to the metal carbide.
1.2.1 X-Rav Photoelectron Spectroscopy
Surface analysis by XPS is achieved by irradiating a sample with 
monoenergetic X-rays. The low energy photons interact with atoms in 
the surface region by the photoelectron effect, causing photoelectrons 
to be emitted [Quinn, 1991]. Since the kinetic energy of the emitted 
electrons can be measured, the binding energy can be calculated, 
allowing us to determine the elemental composition of the films and 
the phase formation of elements to be identified [Soon-Cheon et. al., 
1995]. Equation (1.1) shows the photoelectric equation, where the 
irradiated energy of the incident photons must equal the kinetic energy 
of the photoelectron and the binding energy of the electron in the kth 
shell.
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
f l ( 0  =  E  kin +  E s i k )  (1 .1 )
In our lab, x-ray photoelectron spectroscopy (XPS) was carried out on 
a Kratos Analytical Axis/HS instrument ( f ig u re  1.3), using a MgKa x- 
ray source.
Fig. 1-3  Kratos x-ray photoelectron Spectroscopy instrument
The elemental composition of the films was determined after ion- 
etching in the XPS with Ar+ ions for 15 minutes to clean the specimen 
surface. Under favorable conditions XPS can reach sensitivity of 1 part 
in 1000 (0.1% ) in bulk materials [Feldmann et. al., 1986]. However, 
the effective probing depth of this technique is 3QA making XPS to be 
extremely sensitive to surface layers. Also, in some cases, the 
predominant element peak may overlap with the satellite peaks from
19
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other elements with higher film atomic content or with a higher 
sensitivity. Therefore, during the actual measurements, the observed 
sensitivity for this technique was around 3%.
1 .2 .2 Energy Dispersive X -ray  SRflfifcraafiPliy
Chemical analysis can also be performed on a scanning electron 
microscope (SEM) by the energy dispersive x-ray spectroscopy 
technique (EDS). In this case, electrons are the incident particles on 
the sample and the characteristic x-rays from the samples are 
measured. To obtain an accuracy within ~1% , the technique should be 
applied to elements with a Z>10 [Feldman et. al., 1986]. In our lab, 
an Amray 3300FE field emission SEM equipped with a Princeton 
Gamma-Tech EDX system was employed.
1-3 StrM CtM ralJfefihnlfliUflS 
The coating microstructure was determined by three different 
techniques: x-ray diffraction (XRD), scanning electron microscopy 
(SEM), and transmission electron microscopy (TEM).
Atoms in a crystalline material are arranged in an orderly 
manner. When an X-ray beam hits an atom, the electrons around the 
atom start to oscillate at the same frequency as the incoming beam, 
leading to diffracted x-rays with constructive interference in a few 
selected directions, as determined by Bragg's Law.
20
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Fig 1-4  Rigaku D-MAX/B theta-theta XRD goniometer. X-ray source
and detector move simultaneously, and sample remains horizontal.
In this research, most x-ray diffraction was carried out on thin 
films deposited on a silicon wafer, thereby avoiding strong substrate 
peaks and allowing us to obtain the diffraction pattern of the coating. 
In the Rigaku DMAX/B instrument shown in Fig. 1-4, the sample 
remains horizontal and the source and detector (and diffracted beam 
monochromater) move simultaneously. The equipment operated with a 
CuKa x-ray tube, and was used to perform the XRD analysis and 
identify the phases formed.
This technique was also used for residual stress measurements 
using the sin2 f  method [Cullity, 1991]. In this case, the changes in 
lattice spacing were determined using a general area detector
21
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diffractometer system (GADDS) in a Bruker instrument and TiC powder 
dusted on the sample surface to use the peak at 20=63.89° (111, 
using a CrKoc source) as a reference line. Then, the residual stress 
could be obtained from equation 1.2, where E and v are respectively 
the elastic modulus and Poisson's ratio of the coating, 20n is the 
observed value in radians of the diffracted angle with the specimen 
normal to the incident x-rays and 20i is the observed value in radians 
of the diffracted angle with the specimen inclined \p (radians) to the 
incident x-rays.
E x cot 6(26n -  261)
<J = --------------------- ;------ 1 ( I  2)
2(1 +  1/ )  sin iff 1 ' }
The scanning electron microscope is an invaluable tool for 
imaging the coating morphology. Fractured cross-sections of coatings 
deposited on silicon substrates allowed for a straight-forward 
observation of the film thickness and morphology. In the SEM, an 
electron beam is focused and rastered across the sample surface. As 
elastic and inelastic collisions occur, the signal from the backscattered 
and secondary electrons can be detected, and allows for the 
determination of topography and the composition from emitted x-ray 
photons [Feldman et. al., 1986]. in our experiments, the SEM was
22
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equipped with a Princeton Gamma-Tech EDX system. Typical operating 
conditions were 7kV in SEM mode and 20kV in EDX mode.
Fig. 1-5 Scanning electron microscopy apparatus.
1,3 ,3 Transmission Electron Microscopy
A typical transmission electron microscope is composed of two or 
more condenser lenses to focus the electron beam, an objective lens 
that forms the image and the diffraction pattern, and other 
intermediate lenses to magnify the image [Quinn, 1991]. By means of 
electron diffraction and Bragg's law the imaged phases in a 
polycrystalline film can often be positively identified. Hence, 
transmission electron microscopy (TEM) and electron diffraction are
23
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two powerful techniques used to obtain high-magnification images, 
identify phases, and determine grain and grain boundaries structural 
properties.
Fig 1-6  JEOL 2000FX transmission electron microscope.
Two instruments were used in this research: a Hitachi H600 
operating at 100 kV and a JEOL 2000FX operating at 200kV ( f ig u re  
1.6). Planar view samples were prepared by dimpling and Ion-milling 
at small angles (between 10 and 15 degrees) on the backside of the
24
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specimens deposited on Si (111) substrates. As a result, transmission 
electron microscope observations correspond to areas close to the 
surface of the coating.
Nanoindentation is similar to conventional hardness testing 
performed on a much smaller scale. The force required to press a 
sharp diamond indenter into a material is measured as a function of 
indentation depth [Marui et. al., 1999]. The tip shape of the indenter 
has to be continually calibrated for good accuracy of the 
measurements [Hattori et. al., 1997]. The maximum indentation depth 
in our experiments was set to 10 percent of the coating's thickness. 
The technique allowed us to conduct indentation experiments on films 
with a thickness as low as 750 nm. Two quantities extracted from 
nanoindentation curves were the hardness and reduced elastic 
modulus (Er). The elastic modulus of the tested material (Em) can be 
calculated from equation 1.3 by substituting the values for the elastic 
modulus of the indenter (Ei) and the Poisson’s ratios of the indenter 
( vi) and the material (vm ).
1.4 Mechanical and Tribological Tests
2 2
(1 -  vi) (1 -  vm)
+ (1.3)Er Ei Em
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For this dissertation, a Hysitron nano-indenter mounted on an atomic 
force microscope (AFM) using a Berkovich indenter was utilized. The 
values for the elastic modulus and the hardness were calculated using 
the Oliver-Pharr method [Oliver et. al., 1992]. For each film 4-6 
indents were made, with each using a multiple sequence that gives at 
least 10 hardness values (typically scattered within a 2 GPa range), as 
well as the values for the reduced elastic modulus.
1 .4 .2  Pin-on-Disk
In pin-on-disk tribometry, a pin or a ball is loaded onto the test 
sample with a precisely known weight. The pin or the ball is mounted 
on a lever, and pressed against the coated specimen that is in a 
horizontal position. The friction coefficient is determined during the 
test by rotating the specimen at a fixed speed, and measuring the 
force of the lever arm.
Wear coefficients for the pin and disk materials are calculated 
from the volume of material lost during for a determined number of 
cycles.
This technique facilitates the study of friction and wear behavior 
of almost every solid state material combination with or without 
lubricant. Furthermore, the control of the environmental parameters,
26
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temperature,, humidity and lubrication allow a close reproduction to the 
real life conditions of practical wear situations.
Fig. 1-7 Pin-on-disk apparatuses at the Air Force Research 
Laboratory, (a) Humid and ambient environments, (b) high vacuum.
For this dissertation, room temperature friction and wear 
data from coated specimens were generated with an ambient ( f ig u re  
1.7 (a ))  or a high vacuum (figure 1 .7 (b )) ball-on-flat tribometer. A 
6.25 mm diameter 440C steel ball was used as the counterface. 
Typical environment parameters were 50 percent humidity for the 
ambient tests and 1 .3 3 x l0 '6 Pa for vacuum tribometry. In both cases, 
the rotational speed was adjusted to get a constant sliding speed of 50 
mm/s. The majority of the friction measurements were made at a
27
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normal load of 1 N. For steel-on-steel, a normal load of 1 N on a 6.25 
mm diameter ball corresponds to a maximum Hertzian contact 
pressure of 425 MPa.
 msaaaiuEfinispte
In some cases, a four-point-probe Signatone SYS-301 apparatus 
was used to measure the resistivity of the films. In this technique four 
probes (wires) are attached to the test sample. Two of the probes are 
used to flow a constant current through the surface of the specimen, 
while the other two are used to record the voltage drop across the 
sample. Then resistance calculations are made to take into account the 
effect of the substrate which works as a resistor in parallel to the 
coating. Then the electrical resistivity was calculated using the formula:
p = R  t (1.4)
Where p is the film resistivity, R is the sheet resistance of the film and t 
is the film thickness.
1-6 Object Oriented Finite Elem ent
Due to the large number of variables that exist in tribology, the 
finite element method has become a valuable tool in the analysis of 
the stress field and deformations in sliding systems. In this 
dissertation, the objective is to analyze the influence of the composite 
nature of films on the mechanical and tribological properties.
28
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The software package selected for this analysis was OOF (object 
oriented finite element) produced by NIST (National Institute of 
Standards and Technology) [Langer et. al., 2001] that operates in a 
simple personal computer running with LINUX. The program was used 
to calculate the elastic properties of the boundaries from a tungsten 
carbide micrograph and to simulate hard coatings with soft inclusions 
and soft coatings with hard inclusions under hertzian frictional loads.
29
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CHAPTER I I
THE MICROSTRUCTURES OF TERNARY CARBIDE COATINGS
In this chapter, the compositional and structural characterization 
of the deposited hard carbide coatings is presented. The first section 
analyzes the influence of substrate bias on the phase stability of 
tungsten carbide. The work on Ti-Hf-C that exemplifies the formation 
of solid solution in ternary carbide systems follows. The last two 
sections focus on composite carbide systems Hf-Si-C and W-Si-C.
2.1 Phase Stability of Tungsten Carbide
Tungsten carbide is a popular material for hard coatings. Its high 
hardness and stability at high temperature makes it attractive for 
many applications that require good wear properties at high 
temperatures. Recent studies have shown the advantages of tungsten 
carbide in new applications such as nano-needles for scanning 
tunneling microscope tips [Arie et. al., 1998].
The application of substrate bias has been proven to be 
successful in modifying the structure of thin films by changing the 
composition and increasing the density [Hajek et. al, 1997; Shim et. 
al., 2000, Slimani et. al, 1991]. In this study, the effect of substrate 
bias on the structural properties of sputtered tungsten carbide films is
30
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analyzed.
2b 3. b 1 Deposition and Chernies I Analysis
Films for this study were deposited by RF planar magnetron 
sputtering from a WC target. Table 2-1 shows the deposition 
parameters for the six films deposited. The substrate temperature was 
kept at 275°C and the substrate bias voltage varied from OV to -150V.
Table 2-1  Deposition parameters and XPS atomic concentrations 









W C O 
(at. %) (at. % ) (at. %)
WC-1 275 0 200 52.7 33.8 13.5
WC-2 275 20 200 56.9 33.5 9.6
WC-3 275 50 200 53.1 30.6 16.4
WC-4 275 80 200 62.7 27.9 9.4
WC-5 275 130 200 60.8 31.9 7.2
WC-6 275 150 200 69.9 28.7 1.4
The final amounts of tungsten, carbon and oxygen in the films 
are plotted in Fig 2-1. The oxygen atomic content in the films 
decreases from a maximum of 16.4% for the sample deposited at - 
50V bias to a minimum value of 1.4% for the sample obtained at a 
substrate bias of -150V, while the tungsten atomic content increases 
(relative to the at.% of carbon) by about 20 percent. The relative 
tungsten to carbon ratio obtained by this technique changes from 1.43
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to 2.20. This could be interpreted as non-stoichiometric WCi-x that 
turns into W2C with bias. However, since oxygen and carbon 
correspond approximately to 50% of the film when the bias is equal or 
less than -80V, one should consider the possibility of the formation of 
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Fig 2-1  XPS atomic concentrations of tungsten carbide films 
versus the amount of substrate bias during deposition.
2 .1 .2  X -rav Diffraction
All the films deposited with a substrate bias voltage lower than 
-100V showed a pattern coincident with WCi-x [JCDPS Card No. 20- 
1316] and W2(C,0) [JCDPS Card No. 22-0959] which can be observed 
in figure 2-2 . While WCi-x is mentioned in the literature [Gouy-Pailler
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et. al., 1983] as a match for sputtered tungsten carbide films, W2(C,0) 
has been overlooked as a possibility. XRD lines of WCi-x and W2(C,0) 
are almost coincident with each other, which suggests that there could 
be combination of these two phases existing in the films at the same 
time. The broad peak observed at 20~4O° is typical to the sputter 
deposition of WC, and the peak is usually identified as the (200) peak 
in the WCi-x phase. Such a peak is not present in samples deposited 
with higher substrate bias, which may be due to a change of 
orientation.
W2<^£g00)
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Fig 2-2  XRD patterns of tungsten carbide samples. Plots show 
the transition from the WC(i-X) to W2C phase with increasing bias.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2-2  shows the transition from the WCi-x to the W2C phase 
[JCDPS Card No. 20-1156] as samples were deposited at higher 
substrate biases.
The W2C phase has an HCP crystal structure. The peaks appear 
sharp and well-defined which allows quantification of the two phases 
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Fig 2-3  W2C phase content determined from XRD patterns versus 
substrate bias in deposited tungsten carbide films.
after curve-fitting of the peaks using the XRD analysis computer 
program JADE [MDI Data Inc., 2002]. The W2C phase in the deposited 
films was predominant only for the film obtained at a substrate bias 
voltage of -150V (70.3% WC). The transition substrate bias for equal 
phase composition in the films is approximately -140V.
34
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2. 1.3 ,TransmissiQji .Etefit imMfcrQSSQPY
In figure 2-4 , TEM pictures from sample WC-1 (no substrate 
bias) and WC-6 (bias= -150V) are shown along with the electron 
diffraction (ED) pattern. The patterns match correctly with the XRD 
results shown in figure 2-2. The ED pattern in figure 2 -4 (b ) shows 
continuous rings for the WCi-x phase while discontinuous rings (large 
crystallites) and a polycrystalline microstructure for the W2C.
KpSISh BH
Fig 2 -4  TEM images and electron diffraction patterns of tungsten 
carbide films: (a) WC-1 (no substrate bias), (b) WC-6 (substrate 
bias: -150V).
Figure 2 -4  also illustrate the structural and morphological 
differences between the two samples. While sample WC-1 
(corresponding to mostly WCi-x) shows randomly oriented crystals with 
wide amorphous boundaries (in bright), sample WC-6 (corresponding 
to WCi-x-70.3% W 2C) has large and oriented crystallites. In some
35
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cases, the large crystallites appear to form twins, which are more 
characteristic of the hep W2C phase.
In summary, a substrate bias potential has a strong influence in 
the composition and structure of sputter-deposited tungsten carbide 
films. XPS compositional analysis indicates that electron bombardment 
of the substrate promotes an increment in the tungsten content in the 
films, while decreases the oxygen content. The formation of W2C was 
observed for substrate biases higher than -80V.
2.2 Splifl Solutions o f Ternary
Similar to bulk materials, ternary carbide systems of transition 
metals can form a solid solution (e.g. TiC-HfC, TiC-ZrC). The interest 
in miscible carbide systems is due to the potential to form ternary and 
quaternary compositions, that have been shown to be capable to 
optimize properties such as the hardness for specific concentrations 
due to substitutions that occur in the metal sublattice. In this section, 
Ti-Hf-C will be used to illustrate the structural characteristics of 
complete solid solution carbide coatings.
2.2 .1  Deposition Param eters
Eight different Ti-Hf-C samples were obtained by co-deposition 
from dual carbide targets. Table 2 -2  shows the different deposition 
conditions (substrate temperature and substrate bias voltage) for each 
sample. Given the low deposition rate observed for titanium carbide
36
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(~0.S A/second at 250W), the sputtering power for the HfC target was 
selected at 75W to obtain samples with approximately the same 
titanium and hafnium atomic percents based on XRD observations.












TiHfC-1 350 0 250 75
TiHfC-2 350 25 250 75
TiHfC-3 350 50 250 75
TiHfC-4 350 75 250 75
TiHfC-5 350 100 250 75
TiHfC-6 25 50 250 75
TiHfC-7 200 50 250 75
TiHfC-8 500 50 250 75
2 ,2,2 ,Xrray. D iffra c tion
Figure 2-5  shows the X-ray diffraction patterns of the deposited 
Ti-Hf-C with respect to the deposition substrate bias voltage. The peak 
at 20~44 degrees corresponds to AISI 440C steel substrate. At low 
bias samples show a single FCC crystal structure (oriented in the (111) 
direction) midway between the corresponding titanium carbide and 
hafnium carbide (111) peaks [JCDPS Card Nos. 32-1383 and 39-1491, 
respectively], which confirms that the two carbides form a solid
37
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solution. Samples deposited at high substrate biases show the change 
orientation to the (220) FCC cubic plane, however only a single peak 
midway the two carbides was observed. Hence, the solid solution 
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Fig 2-5  XRD patterns of TiHfC-(l to 5) samples, shown in 
ascending substrate bias voltage order.
Similarly, the XRD patterns of Ti-Hf-C films with respect to the 
deposition temperature are presented in Figure 2-6 . All these 
samples were obtained at a substrate bias voltage of -50V. Again, the 
formation of a solid solution is confirmed for all the samples which 
show either the peaks corresponding to either the (111) or the (220)
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midway between the corresponding peaks expected for cubic TIC and 
HfC. As expected, an increase in the grain size and crystallinity of the 
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Fig 2 -6  XRD patterns of TiHfC-(6,7,3 and 8) samples deposited
at -50V substrate bias, shown in ascending deposition temperature order.
2 A 3 - I r ansmtesiQiP EJect rpn Mjcrpspppy
Figure 2-7  shows a TEM micrograph of sample TiHfC-8 (Dep. Temp=
500°C). The specimen presented well-defined relatively large grains 
(~30 nm) with sharp and narrow boundaries. This microstructure is 
consistent with the high crystal linity of these samples, as observed by 
XRD. Also, the grains have a uniform appearance consistent with the
39
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formation of a single phase as a result of a complete solid solution.
Fig 2 -7  Transmission electron micrograph of sample TiHfC-8 
(Dep. Temp=500°C, Substrate bias= -50V).
2.3 The Influence of Substrate Bias on Composite Carbides
In the prior sections we have observed many significant 
microstructural changes due to the bias sputtering technique; from a 
change in composition and phase, in the deposition of tungsten 
carbide, to a change of orientation from (111) to (220) on solid 
solution Ti-Hf-C. In this section, we examine the influence of 
sputtering variables on composite HfC-SiC thin films.
2 A .U fiftflSjitii.Qn Pprametfirg
RF magnetron sputter deposition from hafnium carbide and silicon 
carbide targets at equal powers was used to deposit composite HfC- 
SiC coatings on silicon substrates. Table 2-3  shows the parameters 
used for the different samples. X-ray photoelectron spectroscopy
40
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(XPS) was used to determine the chemical composition, 
for these films. The amount of silicon carbide phase was determined to 
be 40 percent for the sample deposited at no substrate bias. At high 
substrate bias, a large decrease in silicon carbide content was 
observed. One explanation for this substrate bias effect could be the 
re-sputtering of silicon atoms on the growing film and a large 
sputtering yield of Si compared to hafnium at relatively low rate of ion 
bombardment. Due to the low intensity of the silicon peak, the silicon 
content on these films was difficult to determine with accuracy.
Table 2-3  Deposition parameters and nominal silicon carbide content of














HfSiC-1 350 0 225 225 40
HfSiC-2 350 25 225 225 -
HfSiC-3 350 50 225 225 -
HfSiC-4 350 75 225 225 -
HfSiC-5 350 100 225 225 -
HfSiC-6 350 125 225 225 -
2 .3 .2  X -rav Diffraction
XRD results are shown in figure 2-8. All the samples presented 
a pattern consistent with the expected HfC cubic phase. Samples 
HfSiC-(l to 3), deposited with substrate biases lower than -75V, 
showed a FCC (111) and (200) orientation. The sample deposited at a
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substrate bias of -50V (HfSiC-3) shows only the (111) orientation 
which with an increased crystallinity produced by the bias technique 
and lower SiC content. Samples HfSiC (4 to 6) showed a FCC (220) 
orientation of the hafnium carbide phase. The (220) peak in these 
samples is shifted from the expected position. This shift is due to a 
compressive residual stresses in the films, and it will be explained in 
the next chapter
H fC ( lll)  HfC(200) HfC(220)
---- SK --------------h ---------- B ia s - 0V
C
I -75V
B ia s - -100V
-125V
2-ThetaO
Fig 2 -8  XRD patterns of deposited HfC-SiC samples. Lines 
indicate the expected diffraction angles for cubic HfC.
2 .3 3  Scanning Electron Microscopy
Scanning electron microscopy (SEM) carried out in a field 
emission (FE) SEM instrument, was used to examine the cross-sections
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of the films from fractured samples deposited on a silicon substrate.
In f ig u re  2-9  the cross section of sample HfSiC-1 (no substrate bias) 
is shown. The sample exhibited an interrupted columnar structure and 
a smooth specimen surface. The observed morphology was consistent 
with the XRD observations of these film . Given tha t a continous and 
crystalline columnar structure is expected for the sputter deposition of 
HfC, one explanation for the cross-sectional SEM observation is that 
the amorphous SiC phase disrupts the columnar growth of the film  and 
only partial disordered HfC columns can be observed.
Fig 2-9 Cross-sectional scanning electron micrograph of sample 
HfSiC-1 (no substrate bias).
2.4 Nanostructured Composite WC-SiC Coatings
In the previous sections, we have studied the formation of solid 
solution carbides in the Ti-Hf-C system (section 2.2). We have also
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seen that the sputtering technique can be used for the formation of 
multiphase WCi-x /W 2C and HfC/SiC thin films (sections 2.1 and 2.3). 
In this section, we study the influence of silicon carbide in the 
formation of composite WC-SiC coatings. The motivation is to obtain 
nanocrystailine-nanoamorphous structures formed with the 
incorporation of silicon into the coating and analyze the possible 
strengthening effect (section 3.4) produced by the phase separation.
Table 2 -4  Deposition Parameters and XPS Composition Analysis 
of WC-SiC Thin Films.
Sample WC SIC W C Si SiC
(W) (W) (at. %) (at. %) (at. %) (mol %)
WSiC-1 175 0 54.7 45.3 0 0
WSiC-2 175 25 33.1 61.2 4.8 12.6
WSiC-3 175 75 38.5 50.8 10.7 21.8
WSiC-4 160 100 35.8 51.7 12.5 25.9
WSiC-5 160 200 26.4 47.7 25.9 49.1
WSiC-6 80 200 16.7 49.7 33.6 66.9
WSiC-7 50 200 10.4 59.3 30.3 74.4
WSiC-8 40 200 8.3 62.5 29.2 78.0
WSiC-9 30 200 4.5 55.8 39.7 89.8
WSiC-10 20 200 4.6 49.5 45.9 90.8
WSiC-11 7 200 1.1 47.5 45.3 97.6
WSiC-12 0 175 n. t. n. t. n. t. 100
Magnetron-sputter-deposition from stoichiometric targets of WC 
and SiC was used to obtain mixed WC/SiC thin films. By varying the
44
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power to the WC and SiC targets, a set o f 12 films were deposited that 
covered the full range of compositions from pure WC to pure SiC. 
Table 2 -4  shows the details for the set of films. Atomic percentages 
were calculated by XPS without considering the oxygen content, which 
in this case was found to be at most 10%. SiC concentration for each 
sample was estimated from the partial fraction of the Si content in the 
W and Si atomic contents total.
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Fig 2 -1 0  XRD patterns for WC-SiC films: (a) pure WC showing 
the (111) and (200) peaks for cubic WCi-x, (b) WC-12.6%SiC, 
(c) WC-21.8%SiC, (d) WC-25.9%SiC.
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Diffraction studies revealed that increasing SiC content in WC 
has a grain refining and amorphitizing effect. Figure 2 -10  shows the 
XRD patterns for the four samples with highest tungsten carbide 
content. The diffraction patterns of pure WC and WC-12.6%SiC shown 
in figures 2 .1 0 (a ) and 2 .1 0 (b ), respectively, present the expected 
WCi-x structure, which is a common form of tungsten carbide for the 
sputter deposition from a WC target as observed in section 2.1. In 
contrast the diffraction patterns for WC-21.8%SiC and WC-25.9%SiC, 
shown in figures 2 -1 0 (b ) and 2 -1 0 (c ), show a single broad peak 
due to an increase degree of amorphization. Samples with higher SiC 
content did not revel specific peaks for either WC or SiC, indicating an 
amorphous structure or a extremely small crystallite size. 
2*4j3..Trangntisfiion,Etefiti:ffin Microscopy
Transmission electron microscopy (TEM) was employed for 
further structural characterization of WC-SiC films. Figure 2 -11  shows 
TEM images and electron diffraction (ED) pattern for sample WSiC-1 
(pure WC). The electron diffraction pattern agrees with the XRD 
pattern of figure 2 -1 1 (a ), which corresponds to polycrystalline WCi-x. 
Figure 2 -1 1 (a ) illustrates a hierarchical microstructure with domains 
about lOOnm diameter size separated by voided regions. Within these 
domains a secondary void network separates microdomains (~10-40  
nm diameter size), which in turn are constituted of smaller and more
46
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compact crystallites, as can be seen in figure 2 - l l ( b ) .  TEM images 
for sample WSiC-3 (WC-21„8%SiC), are shown in figure 2-12. The 
electron diffraction pattern in figure 2 -1 2 (a )  still corresponds to the 
expected WCi-x phase, and the rings corresponding to the (111) and 
(200) planes have greater intensities than the remaining higher order 
planes.
Fig 2-11 Pure WC film (WSiC-1). (a) Transmission electron 
microscope image and electron diffraction pattern showing a 
typical tungsten carbide hierarchical structure with its primary and 
secondary void networks, (b) TEM image at a higher magnification
Unlike pure WC, sample WSiC-3 (WC-21.8%SiC) has a denser 
microstructure where a coarse voided region (such as those observed 
in sample WSiC-1) is not present. Instead, a lighter color 
intercolumnar mesh is found, possibly a region where there is a higher 
concentration of the SiC phase. Figure 2 -1 2 (b ) shows that the 
secondary void network has also been replaced by an amorphous
47
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Fig 2 -12  WC-21.8%SiC film (WSiC-3). (a) Transmission electron 
microscope image showing a highly dense composite microstructure 
of WC crystals (identified by the electron diffraction pattern) and an 
amorphous SiC phase (in a lighter color), (b) TEM image at a higher 
magnification.
phase, and that there are lighter color regions likely due to the higher 
SiC content, that contains dispersed nanocrystals (4-5 nm diameter
size).
Figure 2 -13  shows a TEM image and the electron diffraction 
pattern for sample WSiC-7 (WC-74.4%SiC). A single broad diffraction 
ring consistent with electron diffraction patterns for amorphous 
materials was detected in the position of the (111) and (200) 
reflections.
48
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Fig 2 -13  Transmission electron microscope image and electron 
diffraction pattern for sample WCSiC-7 (WC-74.4%SiC). The 
broad ring in the diffraction pattern, and the uniform appearance 
of the TEM image are consistent with typical features seen in 
amorphous materials.
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CHAPTER I I I
MECHANICAL PROPERTIES OF TERNARY CARBIDE SYSTEMS
In chapter 2 we discussed the structural characteristics of 
sputter deposited tungsten carbide (WC), carbides that form solid 
solutions (Ti-Hf-C), and nanocomposite carbide systems (W-Si-C, 
Hf-Si-C). In the current chapter, the mechanical properties of these 
systems are illustrated and will be related to the microstructural 
properties presented in the chapter 2. Hence, this chapter is not only 
concerned with the mechanical properties of ternary carbides but in 
determining the structure-property relations.
jLl-MflfihanUal and Hectdfial. JBcottatlies. of wc/ w2£
The deposited WC films (table 2.1) were evaluated to further 
characterize their physical properties, including hardness and elastic 
modulus. Figure 3-1  illustrates the changes in residual stress, 
hardness, modulus of elasticity and electrical resistivity.
Residual stresses were calculated using the sin2ip method 
[Cullity, 1991] on a Bruker/AXS XRD instrument with an area detector. 
Results went from slightly tensile to compressive with the increase in 
bias potential, as it has been observed in previous studies [Shim et. 
al., 2000]. The maximum observed residual stress found was ~ -3GPa.
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However, the hardness of the films increased from 9 GPa to 20 GPa 
with substrate bias. However, the increase in hardness seems to be in 
part related to the increase in residual stress. One possible solution 
could be the annealing under vacuum of the specimens to eliminate 
the effect of residual stress during hardness testing.
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Fig 3-1  Effect of substrate bias voltage on the electrical and 








Similarly, the reduced modulus of elasticity increased form 190 
GPa to about 285 GPa. By assuming a Poisson's ratio of 0.3 for the 
tested specimens, and substituting the elastic modulus and Poisson's
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ratio of the indenter in equation 1.2, a specimen elastic modulus of 
362 GPa is obtained. This value is still much lower than the bulk elastic 
modulus of stoichiometric tungsten carbide (720 GPa), which 
underscores the importance of the densification in tribological 
coatings.
As shown in the previous chapter, the substrate bias increases 
the density of the samples and therefore a mixed WCi-x /W 2C phase 
composition may have more desirable structural characteristics than 
samples that contained only the WCi-x phase.
Resistivity of the deposited samples was examined by the four- 
point-probe technique. Results indicated a significant decrease in 
resistivity of the films from (420 pQ-cm to 150 pQ-cm) with the higher 
substrate bias. The decrease in resistivity is consistent not only with 
the reduction in oxygen concentration but with the change in phase 
composition since the bulk resistivity for W2C (7.5 pQ-cm) is lower 
than the bulk resistivity of tungsten carbide (22 pQ-cm).
3 .2  Strengthening Mechanisms in Solid Solutions
The results of the hardness tests for Ti-Hf-C with respect to the 
deposition substrate bias voltage are shown in figure 3-2 . Hardness 
levels ranged from 8 to 34 GPa. Despite the change in orientation 
observed in chapter 2, the hardness increased linearly with bias 
voltage. The hardness also appears to increase with decreasing grain
52
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size for the first three data points, but then the hardness continues to 
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Fig 3-2  Effect of substrate bias on the grain size and hardness of 
titanium carbide -  hafnium carbide films.
In figure 3-3 , hardness results are plotted with respect to the 
deposition temperature with the grain size again shown in parentheses 
next to each data point. Figure 3 -3  indicates that the hardness value 
is independent of the deposition temperature at the bias voltage of - 
50V.
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Fig 3 -3  Effect of substrate deposition temperature on the hardness 
of titanium carbide -  hafnium carbide films deposited at a substrate 
bias of -50V.
.3.s„3 T hqjqfiiienffig pf .Substrate P»a§ m  theJMflchanteal 
Propqitiqis of HfCr.3i.lP Composite-Coatings
In chapter 2, it was shown that the bias sputtering technique can 
have a grain-refining effect, increase the texture, change the crystal 
orientation, and even determine the stoichiometry and phase 
formation of thin films. In this chapter, the influence of substrate bias 
was related to the improvement of the mechanical properties in 
tungsten carbide and mixed Ti-Hf-C films. This section will deal with 
the effect of a substrate bias on the mechanical properties of 
composite HfC-SiC coatings.
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Residual stress measurements using the sin2ijj method for the 
HfC-SiC coatings are shown in f ig u re  3-4 . The results indicated that 
the sample with a low amount of substrate bias (-25V) had a high 
(>3000 MPa) tensile stress, while the samples deposited at higher 
substrate bias developed compressive residual stresses of as high as 
2.0 GPa for the sample deposited at a substrate bias of -50V, and 
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Fig 3 -4  Residual Stress measurements on deposited HfC-SiC 
films with different substrate bias.
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Fig 3-5  Effect of substrate bias and residual stress on the hardness 
of hafnium carbide -  silicon carbide films.
Hardness measurements vs. substrate bias for Hf-Si-C films are 
shown in figure 3-5 . In contrast with Ti-Hf-C films, where the bias 
sputtering technique had a grain refining effect, here increasing the 
substrate bias resulted in a more coarse structure. This is most 
likely related to the decrease in the SiC content with bias, as shown 
in table 2-3 . Nevertheless, the plot shows a significant increase in 
hardness up to 35 GPa. No specific correlation between either the 
crystallite size or the amount of compressive stress and the level of 
hardness was observed. Consequently, the mechanical properties of
56
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composite coatings are influenced not only by the residual stresses 
and the composite phase stoichiometry but by a texture effect in the 
films as well. Unfortunately, there is no simple method yet to 
quantify such effect.
3.4 Mechanical
In Section 2.3, XRD and TEH studies of WC/SiC films showed 
how the SiC content in the film has a disordering and grain refining 
effect even at an intermediate substrate deposition temperature 
(~350°C). Specimens with a low silicon carbide content (~10 to 30 at. 
%) showed a dense microstructure with both amorphous and 
crystalline regions. However, samples with silicon carbide content 
greater than 40 percent presented an amorphous structure were 
neither phase could be identified. Here we present the mechanical 
properties of WC/SiC films studied by the nanoindentation technique.
In figure 3 -6 , the hardness and modulus of elasticity for 
WC/SiC films are presented with respect to the amount of the SiC 
phase. Results indicated that small additions (~10%  to 20 %) of SiC 
dramatically increase the hardness of a pure WC film from 10 GPa to 
28 GPa. Samples with higher silicon carbide content than 20 percent 
showed hardness values in the 20-26 GPa range. Similarly, the elastic 
modulus of the WC/SiC films increased with small amounts of the SiC
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Fig 3 -6  Hardness and elastic modulus of WC-SiC films measured 
using the nanoindentation technique.
phase, but dropped significantly in samples with a higher SiC content 
that 20 percent. Thus, the deposited film with the most desirable 
mechanical properties corresponds to sample WSiC-3, where WC 
nanocrystals seemed to be embedded in an amorphous SiC matrix as 
shown in Fig. 2 -10  thereby; proposed mechanisms for the hardness 
enhancement must be consistent with the small crystallite size of the 
crystalline phase and the formation of an amorphous phase matrix.
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CHAPTER IV
THE MICROSTRUCTURES OF COMPOSITE LUBRICANT COATINGS
A soft thin coating on top of a hard substrate is a highly effective 
way to reduce friction of sliding mechanical components. However, soft 
coatings often have high wear and short lifetimes, and restoring solid 
lubricants can be remarkably uneconomical. An alternative is a 
composite coating consisting of a hard phase and a solid lubricant. In 
this chapter we examine composite ceramic-Ag coatings and show that 
the silver migrates to the surface and smears along the sliding 
direction providing low friction, while the ceramic phase provides 
adequate support and storage for the solid lubricant phase, all 
resulting in lower wear and longer lifetime.
In this chapter the microstructures formed by different 
composite carbide-silver coatings are analyzed by the XRD, SEM and 
TEM techniques. As it will be seen throughout this chapter, the 
crystal I in ity of the carbide phase plays a significant role in the 
microstructure of composite lubricant coatings. Hence, the deposited 
coatings are divided into six kinds and are presented according to the 
increasing crystallinity of the carbide phase: SiC-Ag, WC-Ag, TiC-Ag, 
HfC-Ag, TiC-Ag by MS-PLD and TiC-C-Ag.
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Dual magnetron sputter deposition from silicon carbide and silver 
targets was used to deposit SiC-Ag coatings. The power on the 
sputtering guns was controlled to obtain samples with different silver 
concentrations. Table 4 -1  shows the deposition conditions and 
relative silver content, determined by EDS, for the deposited samples. 
The samples ranged from pure SiC to 50.8 percent of the silver 
lubricant phase.
TABLE 4 -1  Magnetron sputtering deposition parameters and relative 









SiCAg-1 200 0 0
SiCAg-2 200 5 2.1
SiCAg-3 200 10 7.4
SiCAg-4 200 15 21.7
SiCAg-5 200 20 36.0
SiCAg-6 200 25 50.8
A lU L  I r ra ^ p if frsq iQ ii
Figure 4 -1  shows the XRD pattern for the sample with the 
highest silver content. In the figure, only crystalline peaks for the 
silver phase can be observed. The peaks matched adequately with 
expected peaks for FCC silver [JCDPS Card No. 04-0783]. Hence, the 
deposited silver is polycrystalline and of high purity. The broad
60
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amorphous peak at ~33 degrees 20 is tentatively identified as silicon 
carbide since p-SiC has a (111) peak at 3 degrees. SiC is expected to 
be amorphous at a deposition temperature of 200°C. The XRD pattern 
for the other samples also showed indications of the same phase 
formation; however intensity of the silver peaks was weaker or 







8030 40 50 60 70
2-Theta (degrees)
Fig 4-1  X-ray diffraction pattern for sample SiCAg-6 (50.8% Ag).
4 .1 .2  Scanning Electron Microscopy
The scanning electron microscopy technique was particularly
61
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useful in the analysis of the morphology of the deposited films. 
Figures 4 -2 (a -c )  show surface observations made by SEM on SiC-Ag 
samples. In this case, bright rounded particles increasingly cover the 
surface at higher silver contents. The particles could not be positively 
identified by EDS due to the ir submicron size, but are inferred as silver 
particulates since secondary electrons are more easily emitted from 
the Ag metal than the carbide.
Fig 4 -2  Secondary electron (SE) images from the surface: a) SiC- 
2.1%Ag, b) SiC-36.0%Ag, c) SiC-50.8%Ag.
Figure 4 -2 (c ) shows a more uniform and flat image, in which 
silver particles have covered the entire surface. Cross sectional SEM of 
the deposited samples showed silver particles embedded in an 
amorphous SiC columnar structure. All the samples had a relatively 
flat surface. Also, the surfaces of the three samples with higher silver 
content were largely reflective.
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Fig 4 -3  XSEM images of samples on a Si substrate for samples SiCAg-5 
(36.0%Ag).
Figure 4 -3  (sample SiCAg-5) shows how silver has migrated to 
the surface depleting the top regions of the coating while the bottom 
and lower part still contains numerous silver particulates.
4 .1 .3  Transmission Electron Microscopy
20nm
Fig 4 -4  Transmission electron micrograph for sample SiCAg-2 (2.1%Ag). 
The Plan-view TEM and electron diffraction pattern for sample 
SiCAg-2 (SiC-2.1%Ag) are shown in figure 4 -4 (a )  . The figure shows 
amorphous grains (5-20 nm diameter size) separated by amorphous
63
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bright boundaries (~3  nm wide).
Small dark particles (~2nm diameter size) found at the
boundaries where tentatively classified as silver crystallites, since it is 
the minor phase in the coating. Hence, silver forms a separate phase 
that segregates in the boundaries of the amorphous silicon carbide 
phase.
Using the same dual-gun sputter deposition technique used in 
the former section, the following crystalline carbide-silver coatings 
were deposited: WC-Ag (sec. 4.3), TiC-Ag (sec. 4.4) and HfC-Ag (sec. 
4.5). In these three sections we will illustrate how the separation of 
phases is maintained for these three materials.
TABLE 4 -2  Magnetron sputtering deposition parameters and relative 
silver content determined by EDS for WC-Ag films deposited at 265°C.
Sample WC -Gun Ag-Gun 




WCAg-1 200 0 0
WCAg-2 200 10 4
WCAg-3 200 15 12
WCAg-4 200 20 21
WCAg-5 200 40 39
The energy dispersive x-ray spectroscopy technique was used to
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determine the relative atomic percentage of silver with respect to the 
total amount of the metallic component (W+Ag), since it is difficult to 
accurately quantify the carbon concentration by the EDX method. The 
results are shown in tab le 4 -2 . A pure WC sample was also deposited, 
and the remaining samples contained up to 39% Ag.
4 .2 .1  X -rav Diffraction
In figure 4 -5 , the XRD pattern for the WC-Ag sample with 
highest silver content is shown. We found that WC forms the non- 
stoichiometric WCi-x phase, which is the phase that most commonly 
appears in tungsten carbide coatings deposited by magnetron 
sputtering [Gouy-Pailler et. al., 1993].
XRD Pattern for W C /A g  on Si
v  W O  (cubic)
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2 0  ( d e g r e e s )
Fig 4 - 5 XRD pattern indicating the two distinct phases formed. 
Sample WCAg-5 (39% Ag).
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The figure illustrates how silver appears in WC-Ag films as a distinct 
phase with FCC structure, and could be quantified with respect to the 
carbide phase. A comparison of the pattern shown in figure 4 -5  with 
previous patterns obtained for WC samples revealed that the amount 
of the silver phase present did not affect the size or the orientation of 
the carbide phase. Silver forms a distinct phase with an FCC structure 
[JCPDS Card No. 04-0783]. The lattice parameter obtained for the 
silver phase was 0.4084 nm, almost coincident to the expected value 
of 0.4086 nm.
4 ,2 .2 S g n n lng Jlg^ronJM KEa sCfiRY
Fig 4 -6  Secondary electron (SE) images form the surface of the coating 
samples: (a) WCAg-1 (4% Ag). (b) WCAg-4 (21% Ag).
SEM images showed that the presence of silver in the films had a 
strong influence on the morphology of the coatings. Figures 4 -6 (a )  
and 4 -6 (b ) illustrate the difference between a WC-Ag film with low
66
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silver content (4% ) and high silver content (21% ). As the silver 
content of these films is increased, an increase in the number and size 
of the lighter colored surface particles on the surface is noted. These 
larger particles are believed to be silver, but they are still sub-micron 
in size, which precluded their identification with the EDX technique.
4 .2 .3  Transmission Electron.Microscopy
Plan-view TEM micrographs for WC-Ag samples are shown in 
figure 4 -7 . Figure 4 -7 (a )  corresponds to a pure WC film with high 
porosity and a hierarchical microstructure of grains within the grains. 
With increasing silver content (Fig. 4 .7 (b )), several regions in the
■ M l
w
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Fig 4 -7  Transmission electron micrograph for samples: a) WCAg-1 (no 
silver content), b) WCAg-3 (12%Ag), c) WCAg-5 (39%Ag).
micrograph appear darker. This indicates the detection of silver grains 
by the TEM inside the prepared plan-view sample, and that the silver 
crystallites are adjacent to the WC grains. Figure 4 .7 (c ) shows the
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TEM micrograph for the sample with highest silver content (39% ). 
Here, the silver grains are more predominant and overshadow the 
hierarchical microstructure of the tungsten carbide phase.
Deposition parameters for magnetron sputter TiC-Ag films are 
shown in table 4 -3 . The relative silver phase composition was 
calculated again by the EDS technique. The higher Ag content In 
sample TiCAg-5 in comparison to sample TiCAg-4 is due to the fact 
that the sputtering gun was moved one inch closer to the substrates 
for that deposition.
TABLE 4 -3  Magnetron sputtering deposition parameters and relative 
silver content determined by EDS for TiC-Ag films deposited at 265°C.









TiCAg-1 250 0 0
TiCAg-2 250 5 7
TiCAg-3 250 10 24
TiCAg-4 250 20 51
TiCAg-5 250 20* 86
The XRD pattern for sample TiCAg-3 is shown in figure 4 -8 . The
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peaks at 20 value of 36,42,61 and 73 degrees show close agreement 
with JCPDS card #32-1383 for TiC-Khamrabaevite while the peaks at 
20 value of 38,44 and 64 are in good agreement with JCPDS card 
#04-0783 for FCC Ag. This confirmed the expected separation of 
phases for this material as well. The lattice parameter for the silver 
phase was also measured for these samples. Results again indicated 
again the high purity of the silver phase.
XRD P a tte rn  for T iC /A g  on Si
v  T iC  (cub ic )





30 4 0  5 0  6 0  7 0  8 0
2 ©  (d e g re e s )
Fig 4 -8  XRD pattern indicating the two distinct phases formed. Sample 
TiCAg-3 (24% Ag).
4 .3 .2  Scanning Electron Microscopy
Figures 4 -9 (a )  and 4 -9 (b )  correspond to a pure TiC coating 
and one with high 86% silver content. The coating of TiC showed
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coarse columnar grains. Interestingly, several areas are seen where 
the coating has a much smoother surface and a finer grain structure. 
EDX analysis of these areas revealed a high Cr content, indicating they 
are chromium carbides, part of the 440C steel microstructure 
underlying the film at these locations. Film growth of TiC therefore 
proceeded differently for the Fe-based martensitic structure than on 
the surface Cr-carbides. This underscores the difficulties involved in 
coating a material with a complex microstructure such as 440C steel.
Fig 4 -9  Secondary electron (SE) images form the surface of the 
coating samples: (a) TiCAg-1 (0% Ag). (b) TiCAg-5 (86% Ag).
The use of a thin titanium interlayer between the steel and the 
coating, as was done for the WC/Ag samples, could help provide a 
more uniform surface, and the pure WC coated samples did appear 
more uniform than pure TiC films. For the TiC/Ag coated sample, a 
pattern similar to that found for WC-Ag with high silver content was
70
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observed and where silver appears to form agglomerates that become 
very reflective in the SEM.
4.4  Hafnium Carbide -  Silver 
Table 4 -4  shows the deposition parameters and EDS results for 
the relative composition of silver in the deposited coatings. As in 
previous systems, the power of the carbide gun was maintained 
constant and the power of the Ag gun was varied to achieve films with 
various silver contents.
TABLE 4 -4  Magnetron sputtering deposition parameters and relative 
silver content determined by EDS for HfC-Ag films deposited at 200°C.







HfCAg-1 250 0 0
HfCAg-2 250 10 8.8
HfCAg-3 250 30 17.6
HfCAg-4 250 32 19.5
HfCAg-5 250 35 24.1
HfCAg-6 250 42 32.0
,4A Jl..X zrjx P iff rJctlQii,
30 40 50 60 70 80
2-Theta (degrees)
Fig 4 -1 0  X-ray diffraction pattern for sample HfCAg-5(32.0%Ag), 
indicating cubic HfC and Ag (fee) diffraction planes.
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Figure 4 -1 0  show the XRD patterns for the samples with the 
highest silver content. The diffraction angles found show close 
agreement with HfC and face-centered-cubic Ag [JCPDS Card Nos. 39- 
1491 and 04-0783, respectively]. The peak at 37 degrees is a double 
peak of both phases (HfC and Ag), coincident at that diffraction angle. 
However, the separation of phases is verified by the presence of other 
silver peaks. The lattice parameter of Ag is coincident with the 
expected value, as in previous our previous WC-Ag and TiC-Ag 
systems.
4.4,2 Scanning.,Electron Microscopy
Fig 4 -11  Secondary electron (SE) images from the surface of samples: 
a) HfCAg-3 (17.6%Ag), b) HfCAg-5 (24.1%Ag). c) HfCAg-6 (32%Ag).
The scanning electron microscopy technique was particularly 
useful in the analysis of the morphology of the deposited films. Figure 
4-11  shows SEM observations from the surface of HfC-Ag silver, as 
they increase in silver content. Sample HfCAg-3 (HfC-17.6%Ag) shows
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a fla t homogeneous surface. In contrast, samples HfCAg-5 and 
HfCAg-6 (with 24.1% and 32.0%Ag, respectively) show the formation 
of "cauliflower like" particles about half a micron in diameter size. 
While, these particles cover only fifty percent of the surface in sample 
HfCAg-5 (24.1%Ag), they cover the entire surface of sample HfCAg-6 
(32%Ag), probably due to its higher silver content. While samples with 
low silver content had low roughness, cross-sectional SEM 
observations of the HfC-Ag samples with high silver content revealed a 
rougher coating morphology. This is exemplified in figure 4 -1 2  by 
sample HfCAg-5 (HfC-24.1%Ag). The sample showed a cluttered 
structure of cauliflower like" agglomerates.
I fim
Fig 4 -1 2  XSEM image of sample HfCAg-5 (24.1%Ag) on a Si substrate. 
The "cauliflower like" particles observed in figures 4 - l l ( b - c )
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and fig u re  4 -1 2  probably correspond to a m ixture of carbide and 
sliver crystallites that formed as one entity during the deposition.
4 A 3 ..Transmission Electron MigroscoBY
The plan-view transmission electron micrograph and electron 
diffraction pattern for sample HfCAg-3 (HfC-19%Ag) are shown in 
figure 4-13 . The micrograph illustrates a polycrystalline sample with 
two highly contrasted phases. The darker crystallites (the minor 
phase) are tentatively identified as silver, which are dispersed in a 
nanocrystalline HfC matrix. The boundaries between the two phases is 
likely to be incoherent, given the lattice match with HfC and Ag. This 
microstructure contrasts with the TEM observations in f ig u re  4-4 , 
where silver crystallites were embedded inside the amorphous 
boundaries of SiC. This underscores the influence of the crystallinity of 
the carbide in the formation of ceramic-metal interfaces.
20nm
Fig 4 -1 3  Transmission electron micrograph for sample HfCAg-3 (19%  
Ag).
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We have also deposited TiC-Ag thin films using a hybrid 
magnetron sputtering - pulsed laser deposition (MSPLD) method. This 
innovative film deposition technique was developed by Voevodin and 
co-workers [1995] and used to deposit composite thin films of WC/a-C 
[1997], WC/a-C [1999], and more recently films of ZrCVAu [2001]. 
In our study, we deposit films by ablation of TiC with simultaneous 
sputter-deposition of silver. The objective is to use this technique to 
obtain dense composite thin films, since PLD is known to be a highly 
energetic deposition process. In this study, the laser pulse was set at 
650 mJ of energy running at 50 Hz to maximize ablation of the 
titanium carbide target, while the power of the sputtering gun was 
adjusted to obtain TiC-Ag films with different Ag content.
The chemical composition of the samples was analyzed by using 
XPS to determine the relative atomic content of silver in the films. The 
ratio of Ti to C in the deposited films was found to vary from 1.1 to 
1.3, i.e., slightly sub-stoichiometric with respect to carbon. Oxygen 
was also found in the films, with oxygen contents ranging from 8% to 
12%. The presence of oxygen is believed to be due to traces of oxygen 
in the TiC PLD target, as well as oxygen from the ambient vacuum
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environment, as has been described in previous studies on this 
technique [Krzanowski et. al., 1997; Phani et. al.,2002].
The relative atomic percent of silver for each film (i.e., relative to Ti, C 
and Ag), is shown in table 4 -5 , and ranges from 6 to 46%. The last 
column of table 4 -5  shows the relative volume percentage of silver in 
the samples calculated assuming theoretical atomic densities for TiC 
and Ag. Since this quantity will be more meaningful when considering 
the nano-composite nature of the films. However, unless otherwise 
noted, all elemental percentages given here will indicate atomic 
percentages of the element.
TABLE 4 -5  MSPLD deposition parameters and relative silver content 











PLDTiCAg-1 650/50 2 6.1 10
PLDTiCAg-2 650/50 3 10.0 16
PLDTiCAg-3 650/50 4 15.4 23.9
PLDTiCAg-4 650/50 10 24.2 35 .6
PLDTiCAg-5 650/50 40 46 .3 60
.4i&il.Xrray..Piffr?icti.pp
XRD spectra for TiC-Ag coatings are shown in Fig. 4 -1 4 . Starting with
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sample PLDTiCAg-5, the highest Ag content, we see the phases clearly 
separated into cubic TiC and fcc-Ag. These phases were identified by 
the close agreement of the diffraction angles with JCDPS Card# 32- 
1387 and JCPDS Card# 04-0783 for Kramrabaevite-TiC and Silver-3C- 
Ag, respectively.
Both phases appeared highly polycrystalline with sharply defined 
peaks. The relative intensities and peak widths of the silver peaks are 
reduced at lower Ag concentrations. Sample PLDTICAg-1 (6.1 at.%  
Ag) and sample PLDTiCAg-2 (10.0 at.% Ag) show broad peaks in the 
(111) direction for the silver phase, which indicates a smaller particle 
size. However, the separation of phases is also proposed to be valid for 
these two films with lower amounts of silver, as will be discussed 
further with respect to the TEM images in the following section.
As the power in the magnetron sputtering gun is increased along 
with the silver content, the silver phase becomes more crystalline, with 
sharper peaks and larger crystallite sizes. Nevertheless, in all the 
acquired spectra, the calculated lattice parameter (based on Gaussian 
fit for the (111) peak) for silver was found to be 0.409±.001 nm, 
almost identical to the lattice parameter for pure silver, 0.4086 nm. 
This indicates that the silver phase is relatively pure and not alloyed 
with Ti or C. The XRD peak widths for the TiC phase do not vary 
significantly for the TiC phase for the samples shown in Fig. 4 -1 4 .
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Therefore, the amount of silver did not appear to affect the crystallite 
size or degree of crystallin ity of the TiC phase.
<N
T iC /A g  on Silicon
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Fig 4 -1 4  XRD results for the deposited MSPLD TiC-Ag films vs. 
silver concentration. All films were deposited at 200°C. The 
peaks show close matches to the TiC and Ag phases.
This result supports the concept that phase separation occurs 
during deposition, and the agglomeration of Ag within the film leaves 
behind a TiC phase for which the structure will be primarily dependent
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on the deposition parameters (such as laser energy and substrate 
temperature) of the PLD process.
4,53 Transmission.
Fig. 4 -1 5  shows the TEM image and electron diffraction pattern 
obtained for sample TiCAg-1, the film with the lowest silver content 
(6.1 at.% Ag). This image shows a fine nano-crystalline grain 
structure. At this level of resolution it was not possible to distinguish 
between the Ag and TiC phases, and silver may be widely dispersed in 
the nano-crystallite structure. The electron diffraction pattern shows 
only TiC lines; however, this is consistent with XRD spectrum for this 
sample, which shows a weak and broad Ag (111) peak.
TiC
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Fig 4 -1 5  Sample PLDTiCAg-1 (6.1 at.% Ag): (a) TEM plan-view 
image, b) Electron diffraction pattern matched with the cubic 
titanium carbide standard.
Fig. 4 -1 6 (a )  and (b ) correspond to the TEM image and the
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electron diffraction pattern of sample TiCAg-3 (15.4 at.% Ag). Fig. 
4 -1 6 (a )  shows the presence of large agglomerates identified by a 
more uniform contrast and also shows the presence of growth twins 
within the particles. Because these particles are the minor (volume) 
fraction in the observed structure, and are not characteristic of TiC 
deposited by PLD at this temperature, they are tentatively identified as 
Ag. Dark-field imaging experiments using individual diffraction spots in 
4 -1 6 (b ) verified that the large particles in 4 -1 6 (a ) , indicated by 
arrows in the figure, were silver.
Fig 4 -1 6  PLDTiCAg-3 (15.4 at.% Ag): (a) TEM plan-view image, b) 
Electron diffraction patterns matched with cubic titanium carbide 
and silver standards. Dark-field imaging experiments using 
individual diffraction spots in (b) verified that the large particles in 
fa). indicated bv arrows, w ere silver.
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Another microstructural observation that can be made from Fig. 
4 -1 6 (a ) is the coarsening of the remaining structure surrounding the 
larger Ag particles which is due to a coarsening of the remaining Ag in 
the matrix, (in the next chapter, it will be shown tha t the surface 
particles in this sample only account for 6.6% of the total amount of 
Ag.) Voevodin et al. [2003] made a sim ilar observation of coarsening 
of Au in MSPLD ZrCy/Au films. Normally, coarsening occurs over time 
at a rate that is dependent on the diffusion rate.
4?) 20 mu t\i 2li f.i's
Fig 4 -1 7  TEM images at higher magnification, (a) sample 
PLDTiCAg-1 (6.1 at.% Ag) and (b) PLDTiCAg-3 (15.4 at.% Ag). 
The arrows in (a) indicate small particles (~5  nm) that may be Ag 
precipitates; in (b) a large Ag particle is shown, surrounded by a 
voided region and a matrix consisting of TiC and Ag.
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In our case, the time at temperature (during deposition) is 
constant, so the increased coarsening rate must be due to the 
increased diffusivity within the film. Since the temperature is constant 
at 200 °C, the diffusivity must be concentration dependent, with higher 
Ag contents resulting in higher Ag diffusion distances. The larger 
diffusion distances are most likely due to more completely connected 
high-diffusion rate paths obtained in the higher Ag content films. For 
the large particles of Ag observed in Fig. 4 -1 6 (a ) a mechanism is 
proposed whereby the Ag diffuses to the surface and nucleates a 
particle at the surface. This process is more likely in the higher-Ag 
content films due both to the higher amount of Ag and higher diffusion 
kinetics. Figs. 4 -1 7  (a ) and (b ) show sample PLDTiCAg-1 (6.1 at.%  
Ag) and sample PLDTiCAg-3 (15.4 at.% Ag) at higher magnification. 
Fig. 4 -1 7 (a )  shows small Ag precipitates (some indicated by arrows) 
embedded in a TiC matrix. These particles are proposed to be nano­
crystalline Ag precipitates. In contrast, Fig. 4 -1 7 (b ) shows a large 
silver grain composed of multiple silver crystals. The areas adjacent to 
the particle appear to be lighter in color and have less contrast; this 
zone forms an annular ring around the particle that is 10-20 nm wide. 
This effect may also be due to a depletion zone around the particle 
that is depleted in Ag, as would be expected by the proposed surface
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nucleation mechanism. However, part of this depletion zone may be 
due to preferential ion milling of silver.
m m
i l
Fig 4 -1 8  STEM/SEM image pair of sample PLDTiCAg-3 (15.4 at.%  
Ag).a) STEM; b) SEM. The bright particles in (b) correspond to dark 
agglomerates in (a), the STEM image, previously identified as Ag. 
The different intensity of the bright particles may relate to the depth 
location.
A STEM/SEM image pair of sample PLDTiCAg-3 is presented in 
Fig. 4 -18 . The difference of brightness in the SEM image allow us to 
distinguish between the substances of the nucleated precipitates 
(composed of Ag) and the matrix. The SEM image also verifies that the 
large silver particles form at or near the surface. The coarsening of Ag 
within the film, as well as the nucleation of Ag particles on the film 
surface are both a consequence of the insolubility of the two phases,
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which is due to the positive heat of mixing. This type of behavior was 
also observed in the growth of bismuth nanowires [Cheng, 2002] as 
well as for Ag-Mo and Ag-Ni composite films [Cheng et. al., 1995].
TEM imaging was also performed on sample PLDTiCAg-2. The 
structure was intermediate between PLDTiCAg-1 and PLDTiCAg-3, with 
a matrix structure slightly coarser than sample #1 and with fewer and 
smaller silver agglomerates than sample PLDTiCAg-3. As noted earlier, 
samples PLDTiCAg-4 and PLDTiCAg-5 had continuous coatings of silver 
on the surface, so plan-view TEM analysis was unsuccessful.
Comparisons of the XRD and TEM results show consistent 
behavior. At low Ag concentrations, the XRD showed a very diffuse Ag 
peak because the Ag particles are present as dispersed nano­
crystalline particles within the film. At 15.4% Ag, a sharp (111) Ag 
peak appears on top of a broad peak, indicating both coarse surface 
Ag particles as well as nano-crystalline Ag embedded in the film. At 
higher Ag contents, the Ag peaks sharpen. While TEM analysis was 
not successful on the 24.2 and 46.3% Ag films, the trend observed in 
the previous films indicates higher Ag diffusivities and a larger fraction 
of surface coverage of Ag would be expected.
4 ,^ T i t a n ,Iy m i^ £b.M f i , lr .
TiC/C/Ag coatings were deposited by magnetron sputtering pulsed 
laser deposition (MSPLD) combining sputtering from a custom made
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ti-Ag (60:40) target with the ablation of carbon. Carbon was ablated
from a 3-inch PLD target and Ti/Ag (nominal composition: 60 at.% Ti,
40 at.% Ag) was sputtered from a custom made 2-in sputtering target.
The distance from the PLD target and from the sputtering target to the
substrates was 8 and 6 cm, respectively. The purpose of using this
method was to allow us to control the carbon stoichiometry. Variations
in the laser energy and the power of the sputtering gun yielded a set
of samples with carbon content that ranged from 15.0 to 95.6 percent.
Energy disperse spectroscopy (EDS) was used to determine the
elemental composition (table 4 -6 ). Silver to titanium ratios resulted in
a lower Ag content than the expected from a (60:40) Ti/Ag target.
This could be due to a preferential sputtering of Ti during deposition or
a deviation of the actual target composition from the nominal
composition. Nonetheless, the expected trends are observed, namely
TABLE 4 -6  MSPLD deposition parameters and relative silver content 
determined by EDS for TiC-C-Ag films deposited at 200°C.
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-4,..#.1  X -ray Diffraction
Figure 4 -1 9  shows the XRD patterns for the TiC/C/Ag samples. 
The bottom pattern corresponds to sample TiCCAg-1, which was 
obtained with the lowest PLD energy used (lOOmJ) and the highest 
sputtering power (150W) for the Ti/Ag target. The formation of a silver 
titanium alloy phase [JCPDS Card# 6-0560] was identified for this 
sample along with small traces of silver and an amorphous carbon 
hump.
X R D  of T iC /C /A g  
Films on Silicon
♦ TiC (cubic) 
v  Ag (cubic)
v  C (DLC/graphite)
95.6 at.%  C
©D 91.2 at.% C
ut
TiAg
1 5 . 0  at.% C
806 0 703 0 40 5 0
2 0 (degrees)
Fig 4 -1 9  XRD patterns of TiC/C/Ag samples deposited on silicon.
The XRD patterns obtained for samples TiCCAg-(2, 3, and 4)
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showed broad titanium carbide and cubic silver peaks. The breadths of 
these peaks indicate the presence of very small crystallites within the 
films. Note that the peaks become less sharp at the carbon content 
increases from 24.9 to 37.5 at.%. In particular the sample with 24.9 
at.% C (Sample TiCCAg-2) has the most distinct TiC and Ag phases. 
The top two patterns in figure 4 -1 9  correspond to samples TiCCAg-5 
and TiCCAg-6, deposited at the highest PLD energy used (400 mJ) 
with the lowest sputtering power (100W and SOW, respectively) for the 
Ti/Ag target. Both patterns show formation of amorphous carbon and 
crystalline carbon on the peak at 20 ~ 33 degrees which could 
correspond to either a DLC peak or a graphitic peak common to carbon 
deposition by PLD.
4s6 .2 ,Sg;annM
Because of the difference between the atomic number of silver, 
carbon and titanium carbide, cross-sectional scanning electron 
microscopy was extremely useful in the structural characterization of 
TiC/C/Ag films. Figure 4 -2 0 (a )  shows the cross-section of sample 
TiCCAg-1, the film deposited at the lowest laser energy (lOOmJ), and 
exhibits the structure of a typical metal film with a columnar structure, 
which correlates well with its XRD pattern in figure 4 -1 9 . The bright 
particles in figures 4 -2 0 (b -d ) correspond to silver since secondary 
electrons are much more easily emitted from silver than titanium
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carbide or carbon. The particles are embedded in the films and are 
more numerous in the central region of the film .
Fig 4 -2 0  XSEM images of TiC/C/Ag on silicon: a) TiCCAg-1 (15.0 at.
% C), b) TiCCAg-2 (24.9 at. % C), c) TiCCAg-3 (26.2 at. % C), d) 
TiCCAg-4 (37.5 at. % C), e) TiCCAg-5 (91.2 at. % C), f) TiCCAg-6 
(95.6 at. %).
In addition, a bright surface layer is observed in figures 4 -  
20 (c -e ). This indicates migration of Ag to the surface even though the 
deposition temperature was low. This effect can be particularly 
beneficial in the performance of these films in vacuum and dry sliding 
conditions, where a soft metal overcoat is desired [Christy, 1993; 
Jahanmir et. al., 1976]. Finally, figures 4 -2 0 (e )  and ( f )  illustrate 
how the composite TiC-Ag columnar structure is changed into an 
amorphous type and a darker XSEM image due to the high carbon 
content and low Ag content of these two samples.
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CHAPTER V
VACUUM TRIBOLOGY OF COMPOSITE LUBRICANT COATINGS
The reduction of friction and wear of moving mechanisms in 
vacuum requires the use of a lubricant, which can be either a solid or a 
liquid. The advantages of a solid lubricant over a liquid include lower 
volatility, assembly cleanliness and lower torque.
Solid lubricants commonly used under vacuum are M0 S2 , WS2, 
Pb and Ag [Miyoshi, 1999]. Studies by Dellacorte et. al. [1988] and 
Erdemir et. al. [1990] proved the effectiveness of silver films to reduce 
friction in vacuum. However, the life of a solid lubricant under vacuum 
can be limited by wear. In contrast, hard carbide coatings exhibit 
excellent wear resistance [Brainard et. al., 1978; Buckley et. al., 
1984], so a multiphase material combining a soft metal and a hard 
ceramic phase has the potential to provide lower friction in vacuum 
along with good wear resistance. Cheng et al. [1995] examined thin 
films of a hard metal (Mo, Ni) combined with Ag as well as metal 
nitride/Ag, and found they exhibited good wear properties along with 
lower friction when tested in air environments, however the friction 
coefficients under vacuum were not measured. Tungsten carbide-silver 
composite materials have been studied previously to examine their
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behavior as electrical contacts capable of providing low contact 
resistance and high hardness [Slade et. al., 1991]. WC-Ag electrodes 
are commercially available and typically manufactured by sintering and 
pressing for use in microelectronics. Multilayer composite coatings 
composed of a hard ceramic material and titanium  containing DLC 
layers were recently investigated by Voevodin et. ah [1999], 
introducing the concept of ambient tribological coatings that combine 
load-supporting and friction reduction materials [2003]. Ikeda et. al. 
[1989] showed that the UHV wear life of silver-coated steel ball screws 
could be extended by depositing a TiC film layer between the steel ball 
screw and the solid lubricant.
Hence, the incorporation of a solid lubricant within hard carbides may 
provide both high wear resistance and low vacuum friction. In this 
chapter, we present the vacuum Pin-on-disk friction test results 
performed on the composite lubricant coatings presented in chapter 4, 
along with the influence of silver content and the impact of the 
coatings architecture.
Friction data in high vacuum was obtained by the pin-on-disk 
technique for the deposited samples. In figure 5 -1 , the average 
friction coefficient for the first 10,000 cycles is plotted versus the silver 
content. The percentage of silver here is relative to the content of
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
silver and silicon in the coating. Error bars represent the typical 
standard deviation found (±0.05). Sample SiCAg-5 tha t exhibited the 
best vacuum friction (~ 0 .12); since this sample does not correspond 
to the sample with the highest silver content, an optimum composition 
exists. Even though it was observed in section 4.1 that there is a weak 
interaction between SiC and silver, it did not weaken the adhesive 
frictional behavior of Ag grains. Observations made with an optical 
microscope on the wear tracks indicated that the sample with the 
lowest friction coefficient exhibited the lowest amount of wear. Hence, 
vacuum friction tests showed that can provide lubrication and have an 
optimum tribological composition.
SiC-Ag
0 .5  ------------------------------------------------------------------------------------------------------------------------------------
0  1------- '-->------- '------ '------'--- 1------- '--'------1—
0 5 10 15 20 25 30 35 40  45  50
Ag (°/o)
Fig. 5-1 Average vacuum friction coefficient for the first 10,000 
cycles vs. silver content for magnetron sputtered SiC-Ag 
coatings. Standard error bars are shown
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Fig 5 -2  Vacuum friction test results for the first 10,000 cycles 
(averaged for every 100 cy.) of WC-Ag coatings
Tungsten carbide- silver coatings were also analyzed using the 
pin-on-disk friction test under vacuum conditions to determine their 
friction properties. The test results for WC-Ag films are shown in Fig. 
5-2 . The films with 0% and 4% Ag gave high friction coefficients, as 
well as a high noise level, but for films with 21 and 39% Ag the friction 
coefficients were considerably reduced to values within the 0.2 to 0.4 
range with a lower noise level. In Figure 5 -3 , average friction results 
indicate that the samples with the highest silver content do not 
correspond to the lowest friction observed, which suggests there is a 
value of silver content for which the tribological properties of WC-Ag
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films is also optimum. For the films examined, the optimum value for 
relative silver content is 21% for WC-Ag films. Given the adhesive 
friction behavior of a soft metal like silver, the mechanical properties 
of WC may play a significant role as counterface material influencing 
the overall frictional behavior in vacuum. Indeed, samples with silver 
contents lower than 15% showed a slight increase in the average 
friction coefficient, but the samples with silver greater than 15% 
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Fig 5-3  Average vacuum friction coefficient for the firs t 10,000 
cycles vs. silver content for magnetron sputtered WC-Ag coatings.
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One explanation for the abrupt decrease in friction coefficient 
around 15% silver is that the Ag lubricant phase stays contained 
within the WC ceramic phase. So, samples with low silver content 
result only on wear of the counterpart steel ball, yielding high vacuum 
friction coefficients (0.7-0.8).
Fig 5 -4  SEM picture inside the wear track for sample WCAg-4 (21%  
Ag) after 10,000 cycles.
In Fig. 5 -4  (a ), the WC-Ag film with 21% silver content is 
shown after 10,000 cycles. The wear track shows rows of light 
particles, approximately 0.1-0.2 pm in diameter. The exact 
identification and source of these particles will require further study, 
but the fact that they are very bright compared to the background 
suggest they are silver particles. The presence of Ag particles in the
94
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wear track, riding against the 440C steel ball counterface, is proposed 
as the mechanism for friction reduction in this sample.
,5 3  Tj t anju m Ca rb ide  Silv e r
The results of the vacuum friction tests for the TiC/Ag coatings 
deposited by sputtering are shown in Fig. 5 -5 . The films with 0, 7 and 
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Fig. 5-5  Vacuum friction test results fo r the first 
10,000 cycles (averaged for every 100 cy.) of TiC-Ag
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However, the friction was reduced in films with 51 and 86% Ag. 
Comparing the original data for the latter two, it was noted that the 
friction trace is considerably smoother for the 51% Ag despite the 
sim ilar friction coefficient range to the 86% Ag. The 51% Ag sample 
was run a second time to failure, and it maintained a low friction value 
for 33,000 cycles. Hence, the sample with the highest silver content 
again does not correspond to the lowest friction or optimal 
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Fig 5 -6  Average vacuum friction coefficient for the first 10,000 
cycles vs. silver content for magnetron sputtered TiC-Ag coatings.
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In comparison to the tribological performance observed in SiC- 
Ag and WC-Ag, these films required higher silver concentrations 
(>50% ) to achieve low friction. Since, the crystallinity of the titanium 
carbide phase was similar to the crystallin ity observed for WC in WC- 
Ag films. This could be related to a possible lower diffusivity of silver in 
the microstructure of sputter-deposited titanium carbide or to a 
problem in coating of the 440C Steel with TiC as shown in the SEM 
images of figure 4 -9 (a ).
Fig 5 -7  SEM picture inside the wear track for sample TiCAg-5 (51%
Ag) after 33,000 cycles.
Fig. 5 -7  shows the TiC-Ag film deposited with 51% Ag after 
33,000 cycles. Here, elongated streaks of a ligher-colored phase, 
proposed to be either Ag or a Ag-containing phase, are observed 
covering much of the wear surface. Overall, the image in Fig. 5 -7  
suggests that the silver is present at the surface, and is smeared
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across the surface, providing lubrication and reducing the friction 
under vacuum.
- .Sliver
Friction data in high vacuum was obtained by the pin-on-disk 
technique for the deposited HfC-Ag samples. In figure 5-8 , the 
average friction coefficient for the first 10,000 cycles is plotted versus 
the silver relative content. Error bars represent the typical standard 
deviation found (±0.05). Similar to previous carbide-silver systems, 
the sample that exhibited the best vacuum friction (HfCAg-5) does not 
correspond to the sample with the highest silver content. The sample
0 .5  
0 .4  
0 .3w 
§
^  0.2 
0.1
0
0 5 10 15 2 0  25 30  35
Ag ( % )
Fig 5 -8  Average vacuum friction coefficient for the first 10,000 cycles 
vs. silver content for magnetron sputtered HfC-Ag coatings. Standard 
error bars are shown.
content for low friction in this set ~20 percent is similar to the
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optimum Ag content in WC-Ag films. While for SiC-Ag and TiC-Ag, the 
optimum silver content is ~40 percent.
5 ,5  Titanium  Carbide -  Silver bv MS-PLP
Pin-on-disk friction tests were performed under vacuum for all 
PLDTiCAg samples. Fig. 5 -9  shows a plot of the data obtained for the 
first 10,000 cycles, smoothed for each 100 cycles. The data indicates 
a much lower and stable friction coefficient for samples with ten 
percent or more of silver atomic percent. Here, the silver content 
refers to the amount of silver with respect to carbon, titanium and 
silver. The lowest and most stable friction coefficient was obtained by 
sample PLDTiCAg-3 (15.4 at.% Ag) which shows very stable friction 
coefficient with an average value of 0.21.
This confirms that MSPLD can be used as a deposition technique 
to obtain TiC-Ag lubricant coatings with low friction coefficients in 
vacuum. The reproducibility of this sample was verified, as it was 
repeated and tested again for 10,000 cycles. The repeated sample 
yielded a similar vacuum friction coefficient.
An estimate of the wear volume in the samples was obtained by 
measuring the widths of the tracks after 10,000 cycles and relating it 
to the dimensions of both the wear ball and the circumferential length 
of the track. Fig. 5 -1 0  shows the average friction coefficient and the 
calculated wear volume over 10,000 cycles with respect to silver
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concentration. These results demonstrate that the friction coefficient is 
significantly reduced for silver concentrations higher than 10 percent, 
while the wear increases considerably with silver atomic content above 
16 percent. Sample PLDTiCAg-3 (15.4 at.%  Ag) exhibits the optimal 
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Fig 5 -9  Vacuum friction test results for the firs t 10,000 cycles 
(averaged for every 100 cy.) of MSPLD TiC-Ag coatings
SEM was used to inspect both the as-deposited surface and the 
wear tracks of sample #3 (15.4 at.%  Ag and 0.2 coefficient of 
friction). Fig. 5 - l l ( a )  corresponds to an area outside the track, and 
shows bright particles of different sizes on the surface of the film. Due
to the size of the particles (~  0.1pm), it was not possible to
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unambiguously identify them as Ag by energy dispersive spectroscopy 
in the SEM.
Fig. 5 -1 0  Average vacuum friction coefficient and 
calculated wear volume for the first 10,000 cycles vs. silver 
content for magnetron sputter -  pulsed laser deposited 
TiC-Ag coatings
In Fig. 5 - l l ( a ) ,  it is noted that the average size of the surface 
particles varies with location. This may be due to heat generated from 
PLD particulates hitting the surface, increasing the temperature locally 
and allowing more coarsening of the Ag on the surface.
An additional calculation was made from Fig. 5 - l l ( a )  regarding 
the fraction of Ag on the surface. Using the lower left quadrant of Fig. 
5 -1 1 (8 ), the number of visible Ag particles (those near or larger than 
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Fig 5-11 SEM images of sample PLDTiCAg-3 (15.4 at. % Ag): (a) 
Outside of wear track; (b) general view of wear track; and (c) inside 
of the wear track.
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estimated as 0.2 |jm. The total volume of Ag particles, assuming a 
spherical shape, per pm2 of the film surface was 0.008 pm3. Based on 
a film thickness of 0.5 pm, and a volume percentage from table 4-5  
of 24% Ag, the total volume of Ag deposited in a pm2 region in this 
film is 0.12 pm3. This indicates that 6 .6% of the available Ag has 
diffused to the surface, a result that is qualitatively consistent with the 
TEM observations.
This result also supports the earlier statement concerning the TEM 
images that the regions outside the larger particles observed in sample 
PLDTiCAg-3 still contain significant concentrations of Ag. SEM 
observation of sample PLDTiCAg-4 did not reveal any Ag particles on 
the surface, but rather a uniform surface that was bright relative to 
the wear track and also easily scratched with light abrasion. We 
concluded that the surface was completely coated with Ag. Therefore, 
as the silver content (and diffusivity) increases, a transition occurs to a 
bilayer structure where Ag is the top layer and the underlying layer 
contains TiC with some remaining Ag. This observation is consistent 
with the bilayer formation in multiphase films has been predicted and 
observed by Adams et al. [1991, 1992]. A general view of the wear 
track is shown in Fig. 5 - l l ( b ) .  The middle of the track appears to 
have been covered by more silver than the sides, indicating that silver 
is found at regions where its presence is required, allowing lubrication
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between the steel ball and the film. Fig. 5 - l l ( c )  displays a part of the 
track at higher magnification, and the image shows silver deformed 
and elongated in the direction of the wear track covering areas of 
titanium carbide. This morphology is due to the high plasticity of silver 
and the high stiffness modulus of titanium carbide. The fact that a 
high percentage of the wear track contains the lighter (Ag) phase 
indicates that some Ag from the film has collected at the surface 
during the wear process.
5 .6  Titanium  Carbide -  Carbon - Silver
Average friction coefficients in high vacuum and ambient 
conditions obtained for MS-PLD TiC-C-Ag samples are shown in table  
5-1 . The table reveals that only sample TiCCAg-2 had good friction 
behavior under vacuum. Testing of this sample was repeated, but 
yielded the same friction results. In section 4.6, it was observed that 
the XRD pattern of sample TiCCAg-2, was the only one with distinct 
TiC and Ag peaks in the set.
In the previous section, composite PLD TiC/sputtered Ag films 
exhibited good vacuum friction (0.21-0.32) and also had distinct 
TiC/Ag phases (section 4.5).
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TiCCAq-1 Failed after 1000 cy. 0.60
TiCCAg-2 0.41 0.23
TiCCAg-3 Failed immediately Not tested
TiCCAg-4 Failed immediately 0.24
TiCCAg-5 Failed immediately 0.21
TiCCAg-6 Failed immediately 0.18
100004000 6000
Cycles Cycles
Fig 5 -12  Vacuum friction test results and SEM observations from 
the wear track, a) TiCCAg-2 (24.9 at. % C) ; b) TiCCAg-1 (15.0 at. 
% C)
Figure 5 -1 2  (a ) and (b )  show the friction tests and SEM 
observations from the wear scars for samples TiCCAg-2 and TiCCAg-1, 
respectively. F igu re  5 -12  (b ) revealed cracks and holes in the surface
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of the wear tracks. The low cohesiveness of the coating is probably 
related to the weak interaction between the free carbon and silver. The 
presence of both crystalline TiC and Ag phases appears essential to 
obtain adequate friction performance in vacuum. The presence of 
carbon as graphite or DLC degrades vacuum friction, and the presence 
of Ag may not be sufficient to counteract this effect.
Samples TiCCAg-3 and TiCCAg-4 performed poorly in vacuum, 
although did not fail in air. Samples with higher carbon content 
(TiCCAg-5 and TiCCAg-6) also performed poorly in vacuum yet 
performed adequately in air. The satisfactory performance in air 
indicates that adhesion is not primary reason for failure, but that the 
films have intrinsically high coefficients in vacuum due to their 
tribochemistry. It  is well-known that carbon has excellent low-friction 
behavior in humid air, but performs poorly in vacuum. The results 
here demonstrate the same effect -  films with high carbon contents 
performed well in air, but poorly in vacuum. This may limit the 
multifunctional capabilities (ability to operate in multiple 
environments) of these films.
106
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER V I
F IN ITE  ELEMENT ANALYSIS AND DESIGN OF COMPOSITE
COATINGS
Relationships between microstructure and the mechanical and 
tribological properties of composite coatings are studied in this chapter 
by the object-oriented finite element method. Even when all the 
models in this chapter are linear elastic, they are able to provide 
primary information on the analysis of real microstructures and the 
initial deformation of coatings containing lubricant phases to determine 
the possible failure mode. In the first section, a finite element mesh 
constructed on top of a real tungsten carbide micrograph is used to 
calculate the effective elastic modulus of amorphous boundaries in WC. 
In the second part, the elastic stresses in ceramic/solid lubricants 
coatings under hertzian contact are studied for samples with 0, 10, 25 
and 50 of the precipitate phase. 
f i J j a f ite D n in in g  Jthf t .t teasha n ica lJ^  B flym fo rie g  in  a
,WC.„.Micrograph
This study was achieved by using the reduced elastic modulus 
values obtained during nanoindentation experiments on the coating 
materials rather than the specimens elastic modulus that can be
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calculated from equation 1.2. In chapter two, we illustrated how the 
phase formation and composition in tungsten carbide films can be 
controlled by applying a substrate bias potential, and how WC-SiC 
coatings can form dense nanostructures made of tungsten carbide 
crystallites and amorphous silicon carbide boundaries.
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Fig. 6 -1  Extrapolation of the elastic modulus of a dense sputtered 
tungsten carbide films from the observed mechanical properties of 
WC-SiC thin films.
In chapter three, the analysis of the mechanical properties of 
WC-SiC films showed that the elastic modulus increased with WC 
content up to 80% of the tungsten carbide phase. The increase was 
consistent with the elastic modulus bulk values for SiC and WC. 
However, there was a dramatic drop in the reduced elastic modulus in 
the samples with 80 to 100 percent WC. The drop was believed to be 
related to the formation of amorphous or voided boundaries in the
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pure tungsten carbide microstructure. Hence, they should be a subject 
for further study.
In figure 6 -1 , the reduced elastic modulus of a fully dense WC 
microstructure is extrapolated form the reduced modulus versus 
tungsten carbide content. The elastic modulus value found (295 GPa) 
is very close to the 285 GPa found in section 3.1 for dense WCi-x 
(30% )/W 2C (70% ) microstructures.
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Fig. 6 -2  Construction of an object-oriented FE mesh on top of a 
tungsten carbide micrograph.
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A plan-view transmission electron micrograph from a sputter 
deposited tungsten carbide (WC) was used to construct a finite 
element mesh of 10,000 elements containing two materials, using the 
program OOF (object oriented finite element) [Langer et. al., 2001]. 
Plane stress conditions were assumed to simulate an thin plate 
composed of two different materials, crystallites and boundaries. The 
elements in the interfaces between the crystallites and the boundaries 
were refined up to three times, to completely adapt to the TEM 
micrograph.
Figure 6.2 shows the elements of the crystallites (uncolored) 
and the elements of the boundaries (colored in brown). A detail of the 
mesh shows that good element-object adjustment was achieved. The 
elastic properties of the WC crystallites were fixed (E=295 GPa, 
v=0.2), while the elastic modulus of the boundaries was varied 
through a set of tensile tests of the object-oriented mesh. Also, the 
Poisson's ratio of the boundaries was fixed at 0.2.
6 .1 .2  Stress and S tra ins a fte r a Tensile Test
A tensile test was applied to the model simulating the 
microstructure along the vertical (y-coordinate) direction. This was 
achieved by fixing the vertical displacement in the bottom nodes, and 
by applying a uniform vertical load in the top nodes of the mesh. 
Figure 6 .3  shows the plots for the longitudinal strain and the shear
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stress results for E-boundary=10 GPa.
M IN  eyy M A X  M IN ixy M A X
Fig. 6 -3  Finite element results for tensile test (y -direction) on the 
tungsten carbide micrograph for E-boundary: 10 GPa. (a)
Longitudinal strain, (b) Shear stresses.
The bright regions in the strain plot indicate areas of high strain, 
and correspond to the central sections of the grain boundaries that are 
oriented horizontally. Figure 6 .3 (b ) shows the shear stress 
distribution in the microstructure after the tensile test. Results indicate 
that the tungsten carbide crystallites are under a higher state of stress 
than the boundaries, as expected given the much larger elastic 
capacity of the WC grains in this set-up scenario.
6 .1 .3  Calculating the Mechanical Properties of WC boundaries
i l l
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To calculate the elastic modulus of the boundary/interfaces, four 
tensile tests were conducted (E-Boundary= 1,10,20,30 GPa), the
Table 6 -1  Calculation of the elastic properties of the interface 







1 1 295 0.00787 127
2 10 295 0.00552 181
3 30 295 0.00458 218
4 20 295 0.00488 204
overall strain of the mesh was measured with the OOF program and 
the effective elastic modulus was obtained by factoring the applied 
stress (lGPa). The results suggest that an elastic modulus of the 
interface ~20 GPa would yield an elastic modulus of 204 GPa, which is 
in good agreement with the elastic modulus obtained for this sample 
by the nanoindentation technique (~200 GPa). Hence, these results 
indicate that the low elastic capacity of the boundaries (similar to lead) 
have indeed an adverse effect in the mechanical properties of tungsten 
carbide. They also suggest the design of new type of architectures 
where the volume fraction of the boundary is minimized (as in the case 
of W CW W 2 C composite coatings) or where the porous boundaries are 
substituted by a more compact amorphous ceramic phase (as in the 
case of WC/SiC composite coatings).
6.2 Elastic Stresses of Composite Tribological Coatings
112
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6.2 .1 Numerical Models
Stress field and deformations of contacting bodies in motion with 
circular shape has been the objective of many studies in engineering 
since many mechanical components such as bearings and gears 
require of that type of analysis. Hertz [1882] showed that the pressure 
distribution on the contact surface between two curved bodies is 
represented by a semi ellipsoid constructed on the surface of contact. 
However, it was Hamilton et. al. in 1966 that first derived the 
equations for the stress field created by a circular sliding contact. In 
1983, Hamilton developed the explicit equations for the stresses 
beneath a sliding spherical contact for both a normal load (P) and a 
tangential loads (Q) where Q = p x P, where p is the friction 
coefficient. These explicit equations of the stress components are 
remarkably extensive since they include terms related to all three 
Cartesian coordinates, and only become simplified when applied to the 
surface inside the contact zone, where the direct in-plane and shear 
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The parameter "a" stands for the Hertzian radius of the circle of 
contact, and it is dependent on the Young's Modulus and Poisson's 
ratios of the materials in contact.
fe-2 .,2,.
The Finite Element method has become an extremely valuable 
tool in the analysis of stresses and deformations in sliding systems. 
There are several wear models based on different contact geometry 
that are used to simulate the process of wear. One of the most 
commonly used is the ball-on-disc test described in chapter 2. The 
analysis of contact stresses in coatings have been largely studied by 
Djabella and Arnell [1993a, 1993b, 1994] who studied the stress field 
created by normal and tangential loads not only on different elastic 
coating/substrate systems but on multilayered coatings as well]. Y. 
Sun et. al. [1995] developed an elasto-plastic contact model to study 
the load bearing capacities of TiN coating/substrate systems. Kennedy 
and Hussaini [1987] studied the case of a thermo-mechanical contact 
for hard coatings on a metallic substrate with the use of finite element. 
Normal and tangential loads and contact surface temperature 
distributions were used to study stresses and deformations on both 
coating and substrate. The contributions of the modulus of elasticity of 
both materials as well as the effects of the coefficients of thermal 
expansions were shown to be a determinate factor in the distribution
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of stresses.
Many recent studies on ceramic/metal coatings show the 
formation of composite films in which one of the materials forms 
precipitate agglomerates inside a matrix. For instance, micrographs 
from carbide-silver coatings show the formation of silver precipitates in 
a titanium carbide nanocrystalline matrix. Similarly, some YSZ/Au 
coatings exhibit a composite microstructure in which YSZ grain 
precipitates are embedded in an amorphous YSZ/Au matrix [Voevodin 
et. al., 2001].
The objective of this research, which is based on an object- 
oriented finite element approach, is to analyze the influence of the 
composite nature of films on the stress field under normal and 
combined normal and tangential loads and to establish basic 
relationships between structure and stress distribution that could be 
used to define the load bearing capacities of individual composite 
tribological coatings.
The software package selected for the analysis was OOF (object 
oriented finite element) produced by NIST and operated in a simple 
personal computer running LINUX.
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Fig. 6 -4  Finite element models of composite coatings on a steel 
substrate. Top coatings from left to right: hard coating with 0,
10, 25 and 50 percent of soft particulates. Bottom coatings from 
left to right: soft coating with 0, 10, 25 and 50 percent of hard
□articulates.
A total of eight finite element (FE) meshes were built to simulate 
both hard coatings with soft inclusions and soft coatings with hard 
inclusions. The meshes contained a total of 41450 elements of which 
25% corresponded to coating material. The composite meshes were 
designed to include 0,10, 25 and 50% of random sized particulates 
with random distribution in the coating as shown in Fig. 6 -4 . The size 
and distribution of the particles were generated using a random 
location generator function incorporated in the OOF program named 
"cheese-holes". The particle size was also chosen to be random,
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however, the minimum and maximum size was constrained for the 
models to be consistent with cross-sectional observations of Figs. 4 -3  
and 4 -20 . A whole FE model was required in order to include 
asymmetric tangential loads that could simulate frictional forces. All 
the models were restrained at the base and had a fixed contact half 
width (a) and coating thickness. The hertzian loads were applied to 
eleven nodes in the surface center of the models. The contact area 
corresponded approximately to the average size of an embedded 
particulate. Plane strain conditions were assumed and hertzian contact 
loads (shown in Fig. 6 -4 ) were applied for the model to correspond to 
the indentation of a sphere in an elastic half-space.
The finite element approach conducted in this research is based 
only on the elastic deformation of isotropic bodies where the radius of 
the sphere counterpart is assumed to be large.
The height and the width of the FE meshes were designed to be at 
least 30 times larger than the contact half width (a) to accurately 
model an elastic half space. As shown in Fig. 6 -5 , a good fit between 
the finite element solution and the analytical results from equation (6- 
1) was obtained for the in-plane surface stresses for a friction 
coefficient equal to 0.5 of a semi-infinite uncoated steel. Hence, the 
model can be used accurately in the composite coating to study the 
sliding contact of a sphere in an elastic half space. The elastic
117
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
mechanical properties of the substrate and coating materials (Table 
6 .2 ) were chosen to be as following: Ehard = 2- ESUbstrate = 4- ESOf t , and 
the Poisson's ratios are similar to the ones of a ceramic, steel and a 
soft metal for "hard", substrate and "soft" materials respectively.








Substrate 200 GPa 0.30
Soft (Matrix or Particulates) 100 GPa 0.37
Hard (Matrix or Particulates) 400 GPa 0.20
-•©- Analytical Solution
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Fig. 6-5 In-plane direct stresses in the contact area for semi­
infinite uncoated steel corresponding to a friction coefficient of 0.5.
The present finite element study of the elastic stresses of composite 
coatings has focused in three different aspects affecting the tribological
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behavior as following:
• Shear stress contour plots for the study of regions of high stress, 
which could create yielding and the cohesive failure of the coating.
• Interfacial shear to analyze how soft or hard particulates content 
may influence the maximum shear stress that could produce either 
adhesive or substrate failure.
• In-plane stresses to investigate how each specific matrix/particulate 
system affects the surface stresses that may generate surface wear 
and damage.
6 .2 .4  Distribution of Shear Stresses
Fig. 6-6 Shear stresses in the coating and substrate for normal 
Hertzian loading. Top coatings from left to right: hard coating with 0, 
10, 25 and 50 percent of soft particulates. Bottom coatings from left to 
right: soft coating with 0, 10, 25 and 50 percent of hard particulates.
Maximum shear stresses for normal loading alone are located 
below the surface. For the case of soft particulates in a hard matrix 
(top plots of Fig. 6 -6 ), the particulates appear dark as the load is
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being distributed mostly throughout the harder material of the matrix 
even when the particulates content reaches fifty  percent. Even though, 
one would expect yielding to occur firs t on the soft material because 
they usually have a much lower yield strength, the plots indicate that 
the shear stresses are much higher in the matrix for which they would 
have to deform simultaneously (either plastically or elastically) for the 
embedded particulates to yield.
For the case of hard particulates in a soft matrix (bottom plots of 
Fig. 6 -7 ), the load is more uniformly distributed between soft and 
hard phases but when the particulate content is high (50% ), the color 
contrast in the shear stress plots increases contrast and most of the 
load is supported again by the "hard" inclusions.
Fig. 6-7 Shear stresses in the coating and substrate for combined normal 
and tangential hertzian loading (friction coefficient = 0.5). Top coatings 
from left to right: hard coating with 0, 10, 25 and 50 percent of soft 
particulates. Bottom coatings from left to right: soft coating with 0, 10, 
25 and 50. .percent of hard particulates.
Overall, the maximum shear stress increases with increasing 
particulate content for both cases. The composite nature of coatings
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influences the smooth shear stress-contour-distribution. In 
homogeneous coatings, the maximum shear stress is always located
0.7 times the half contact width area below the surface, but when 
there is a mixture of hard and soft materials in the same coating the 
highest shear stresses will be located preferably in the harder available 
material.
Normal and tangential loads were applied to the area of contact 
to simulate a friction coefficient of 0.5. Fig 6 -7  shows the shear stress 
plot of hard matrix /  soft particulates (top plots), and of soft matrix /  
hard particulates (bottom plots). In a similar manner than for normal 
load alone, while the soft material appears dark (low level of stress). 
Consequently, the load is distributed throughout the hard material.
In general, for a friction coefficient of 0.5, the maximum shear 
stress is located at the surface. However, for some composite coatings 
as shown in the bottom plots of Fig. 6 -7  some of the hard particulates 
underneath the surface may be at a higher shear stress level than the 
surface.
6-2 .5 Stresses a t the In te rface
The maximum interfacial shear stress at the substrate increased 
with particulate content as shown in the shear stress plots in Fig. 6-7 . 
It is possible that particulates at the bottom of the coating affect the
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surrounding region and therefore affect the stresses at the interface. 
Since the interface in finite element models is described by a line, the 
elements at the top of the substrate were used for measurements and 
comparative purposes.
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Fig. 6 -8  Maximum shear stresses at the interface (substrate side) 
for normal loading alone with respect to overall soft phase content 
in the coating.
Fig. 6 -8  shows the maximum shear stresses at the interface for 
the eight finite element models created. Overall, hard matrix/soft 
particulate composites were more effective in decreasing shear 
stresses at the interface. The plot of the maximum shear stresses 
measured at the interface for a friction coefficient of 0.5 is shown in 
Fig. 6-9. Similar to normal loading alone, maximum interfacial shear 
stress at the substrate increases with particulate content. The increase 
was more substantial for the hard matrix/soft particulates case but still
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yielded lower interfacial stresses than soft matrix/hard particulates
Interfacial Shear Stress 
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Fig. 6-9  Maximum shear stresses at the interface (substrate 
side) for combined normal and tangential loading (friction 
coefficient = 0.5) with respect to overall soft phase content in 
the coating.
composites.
6 .2 .6  In -P lan e  Stresses
In-plane stresses (oxx) were investigated for both cases: hard 
matrix /  soft particulates and soft matrix /  hard particulates. Under
normal indentation, composite coatings are likely to develop regions of
high tensile stresses in a layered-like form throughout the coating. 
Tensile stresses are easily spotted by the warm colored areas in the 
"thermal" plots in Fig. 6 -10 .
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Fig. 6 -10  In-plane stresses in the coating and substrate for 
normal loading alone. Top coatings from left to right: hard 
coating with 0, 10, 25 and 50 percent of soft particulates. 
Bottom coatings from left to right: soft coating with 0, 10, 25 
and 50 percent of hard particulates.
Fig. 6-11 Maximum compressive in-plane stress measured at the 
coating surface, a) hard coating with soft particulates, b) soft 
coating with hard particulates.
The value of the maximum in-plane compressive stress (which is 
located on the surface of contact) was affected significantly by coating 
composition. Fig. 6 -11  shows the maximum measured compressive 
in-plane stress for both cases. While soft particulates increased the 
compressive oxx stress even at low contents, hard particulates
Maximum in-plane Stress at the Surface
(Soft Matrix/Hard Particulates)











10 20 30 40 50
Particulates Content (%)
10 20 30 40 50
Particulates Content
124
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
additions were very effective in the reduction of compressive axx stress 
in a soft matrix.
When combined normal and tangential loads are applied, the 
regions of highest tensile and compressive in-plane (axx) stress are 
created at the trailing edge and at the front edge of the contact zone, 
respectively. Unlike normal loading alone, here, both maximum tensile 
and compressive stresses are at the surface and can be identified by 
the red and blue colors on the top part of the plots in Fig. 6-12.
CJxx l 88" " 88^ I 888" 8* 8 1
1.0 Po ■
-1.9 Po | 0 |
Fig. 6 -1 2  In-plane stresses in the coating and substrate for 
combined normal and tangential loading (friction coefficient =
0.5). Top coatings from left to right: hard coating with 0, 10, 25 
and 50 percent of soft particulates. Bottom coatings from left to 
right: soft coating with 0, 10, 25 and 50 percent of hard 
particulates.
The increasing of soft particulate content in a hard matrix (top 
plots), makes the tensile stresses at the surface more severe. While 
the increasing of hard particulates content in a soft matrix (bottom 
plots) decreases the level of stress and stress gradients in the
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coatings.
Maximum In-plane Stresses at the Surface
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Fig. 6 -1 3  Maximum tensile and compressive in-plane stresses 
measured at the coating surface for combined normal and tangential 
loading, a) hard coating with soft particulates, b) soft coating with hard 
particulates.
The two graphs in Fig. 6 -13  show the maximum in-plane 
stresses at the surface for both cases. Tensile axx and compressive axx 
stresses decrease with particulate content for soft matrix/hard 
particulates but increases for hard matrix/soft particulates.
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CHAPTER V I I
DISCUSSION
?„! .Strengthening Mechanisms in Ternary Carbide C oatings 
One focus of this thesis was to investigate the possibility of 
strengthening carbide coatings by combining various transition metal 
carbides or transition metal carbides with silicon carbide. Films of TiC- 
HfC, HfC-SiC, and WC-SiC were investigated. In Chapter I I  the 
microstructure was studied, while in Chapter I I I  the mechanical testing 
results were presented. In addition to these ternary carbides, similar 
experiments were conducted on WC films.
In several cases, the hardness correlated well with the 
compressive stress levels. For example, Fig. 3-1 shows hardness 
increasing with bias in WC films, while the magnitude of the 
(compressive) residual stress also increases. Fig. 3-5 shows results 
for the hardness of Hf-Si-C films vs. bias. The first points show 
relatively low hardness and either small compressive or large tensile 
stress. However, the latter three points show both high hardness and 
high compressive residual stresses.
Film orientation was also affected the presence of a negative
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substrate biases. The orientation of Ti-Hf-C coatings changed gradually 
from (111) to (220) with increasing bias, which may affect hardness. 
However, the orientation of Hf-Si-C films changed swiftly from (111) to 
(220) between -50V and -75V  bias, and the hardness for these two 
samples was essentially constant. Therefore, it does not appear that 
orientation is a significant factor in determining hardness.
The grain size is also known to affect hardness, particularly in 
metals, as expressed by the Hall-Petch relation. The negative 
substrate bias seemed to have a grain refining effect on Ti-Hf-C films, 
reducing the grain size from 35 nm to 11 nm. Scaling this as a 
square-root dependence, we would get, at best (neglecting the 
constant additive term) a factor of ( 3 5 / l l ) '1/2, or 1.8. However, the 
hardness increases by a factor of four (from 8 to 32 GPa, Fig. 3-2). 
Also, the Hf-Si-C films showed an increase in crystallinity, and the 
grain size was observed to increase from 5 nm to 21 nm, and yet the 
hardness increased over this range. Thus, while the hardening 
observed in Ti-Hf-C coatings follows the general Hall-Petch trend (but 
not in magnitude), the Hf-Si-C coatings show the inverse effect 
between hardness and grain size. The influence of silicon in the 
hardness of ternary carbides was also investigated in this dissertation 
for W-Si-C coatings. In this case, all the specimens were deposited at 
the same amount of substrate bias (-50V). The hardness was
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observed to increase with the addition of up to 20 %SiC. The primary 
microstructural change observed was a decrease in crystallinity. The 
influence on hardness is discussed below.
The hardening mechanism proposed by Veprek et. ah for 
nanocomposite coatings was based on a Hall-Petch strengthening 
effect combined with the suppression of crack growth, which was 
possible due to the presence of a grain boundary interlayer. In the 
Hall-Petch theory, the critical stress for dislocations to overcome grain 
boundary obstacles is related to the stress acting on the head of a 
dislocation pile-up, which is proportional to its length. So, a reduced 
crystallite size can have a strengthening effect by increasing the stress 
required for dislocations to over come boundary obstacles. Since the 
Hall-Petch model predicts an extremely high hardness at very small 
crystallite sizes, Veprek et. al. have used it to justify the hardness for 
their nanocomposite coatings that exceed 80, 100, and more recently 
135 GPa.
A more critical assessment of the applicability of the Hall-Petch 
effect as the hardening mechanism in nanocomposite coatings can be 
realized by examining more recent explanations of the Hall-Petch 
effect. One of the flaws of the Hall-Petch relation was the assumption 
that dislocation pile-ups can overcome grain boundaries. Recent 
studies have shown that pile-ups cannot overcome boundaries but
129
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
rather produce sources for dislocations in the neighboring boundaries 
and grains. Meyers and Ashworth [1982] proposed a Hall-Petch model 
based on the elastic incompatibility stresses in polycrystalline 
aggregates between neighboring grains because of the large difference 
in Young's modulus along different orientations of the crystallites can 
be large. This causes large amounts of plastic deformation at the 
boundaries that has to compensate for the different level of strain 
between neighboring crystallites. The Hall-Petch relationship 
established by Meyers and Ashworth is given as:
Gy = <7y g  + %k{Gm  -  a j g ) D ^ ° 5 -  I6k2(cr/GB -  <7f g ) D ~ x  (7.1)
in which ay is the yield strength, is the stress required to produce 
flow in the bulk, am is the stress required to produce flow at the
boundary, and D is the crystallite size.
The Meyers-Ashworth model essentially considers the materials 
as a composite, with a hard grain boundary phase (with a high 
dislocation density) and grains with a low dislocation density. One can 
consider whether this model can explain the impact of microstructure 
on the hardness of nanocomposite coatings. According to Eq. 7.1, the 
greater the difference between the yield strength of the boundary 
phase and the grain the larger the Hall-Petch effect. However, a weak 
grain boundary phase will no doubt reduce hardness by introducing 
grain boundary fracture as a possible deformation mechanism. The
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finite element results presented in figure 6-3 agree with this concept. 
Even though all the materials in Fig. 6-3 were isotropic, the large 
differences in Young's Modulus between boundaries and grains causes 
the elements In the regions between boundaries and grains to be 
under high levels of strain, implying rapid fracture can occur. For the 
TiN/Si3 N4 films examined by Veprek et al., the Si3N4 interlayer is 
unlikely to be significantly harder than the TiN grains, so the Meyers- 
Ashworth theory cannot be invoked to explain hardening. The concept 
that the grains are too small to plastically deform may be valid, but 
deformation by fracture can still occur in several other ways 
(transgranular, along the crystalline/amorphous interface, or within 
the amorphous interlayer). Therefore, the maximum hardness is 
limited not only by the yield strength of the boundary phase but also 
by the nature of crack propagation within the coating. The absence of 
either dense grain boundaries or a high-strength grain boundary 
interlayer (such as when grain boundary voids are present) will 
significantly reduce hardness. In section 6.1, the elastic modulus of 
the boundaries in sputter deposited tungsten carbide was estimated to 
be 19 GPa by using the object-oriented finite element method. Sputter 
deposition at high bias levels can eliminate some of the porosity, while 
in films alloyed with SiC the strength of the hard amorphous 
boundaries may be improved. Indeed, the TEM micrographs shown in
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section 2.3, suggest that increasing SiC content can transform a zone 
2 (columnar-void) microstructure into a zone 1 of WC nano-columns 
interrupted by an amorphous SiC phase, which leads to a decrease in 
porosity and to an increase in hardness.
In summary, we have considered the effects of stress, 
crystallographic orientation, grain size and microstructure on the 
measured hardness in our films. High stresses do correlate with 
increased hardness, but it is not clear to what extent this is just an 
artifact of the microstructural changes that occur in parallel with 
increased stress. Grain size effects appear to have minimal impact on 
hardness. However we should note the accessible range of grains 
sizes (those that can be obtained without increasing the deposition 
temperature and thereby altering other features of the microstructure) 
is small, making grain size effects difficult to evaluate. Nonetheless, 
the most important factors we found are the extent of voiding and 
nature of the intergranular regions. High density films, obtained by 
either high bias (WC and Ti-Hf-C films) or microstructural 
modifications brought about by SiC additions (W-Si-C films), are 
essential to providing high hardness levels. However, even in these 
cases, we did not observe hardening much above the level expected of 
bulk carbides.
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7.2 Microstructure and Lubrication in Carbide-Silver Films
The microstructures of a variety of composite carbide-silver coating 
systems were examined in chapter 4, and in chapter 5 the tribological 
data was presented. The films were deposited by both co-sputter 
deposition (for SiC-Ag, WC-Ag, TiC-Ag and HfC-Ag) and by the MS-PLD 
technique (for TiC-Ag and TiC-C-Ag). XRD studies showed that phase 
separation was generally achieved, independent of the carbide 
selected. This is consistent with the positive heat of mixing between 
the carbide and silver phases at low deposition temperatures. It also 
underscores favorable deposition kinetics even at relatively low 
deposition temperatures.
In transition metal carbide-silver coatings with low silver content 
a fine microstructure was observed, and it was difficult to distinguish 
between carbide and silver phases. The transition metal carbide-silver 
coatings with silver contents higher than ten percent showed a coarser 
microstructure, where the silver crystallites could be more easily 
identified by their morphology and size. However, the sub-micron size 
of these particles still precluded EDS analysis in many cases.
In addition to the phase separation between the carbide and Ag 
phases, a variety of microstructural features were observed in the 
deposited films. The microstructure often varied through the thickness 
of the film. The feature of embedded Ag particles in the carbide
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matrix was commonly observed (see figures 4.3, 4.12 and 4.20). The 
size of these embedded particles can vary not only with temperature, 
but also with Ag content due to the concentration dependent diffusion 
rate of Ag in these films. There also appears to be a strong driving 
force for the diffusion of Ag to the surface of the carbide films, due to 
the lower surface energy of silver. This diffusion process may occur 
during deposition, or after deposition during the cooling of the 
substrate. This effect leaves a Ag-rich coating on the surface and a 
region that is depleted in Ag near the surface in the carbide film. The 
Ag on the surface can be as a continuous layer or as coarser particles, 
depending on the relationship between the surface energy of the 
carbide/silver interface. The microstructure is therefore strongly 
influenced by Ag concentration, deposition temperature, and the 
surface energy between the Ag and carbide phase.
Vacuum friction tribological tests were presented in chapter 5 for 
all the carbide-silver combinations studied. It  was observed that the 
friction decreased rapidly near silver concentrations of 15-25%. In 
some cases, this also appeared to be an optimal concentration 
(minimum friction), but this needs to be confirmed with samples of 
higher silver contents. In the case of magnetron sputter - pulsed laser 
deposited TiC/Ag, the wear on the samples was calculated from the 
measurement of the width of the wear tracks after 10,000 cycles. The
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optimum composition for low wear was found to be around 15% silver. 
SEM images of the wear track show silver to be present in the wear 
track in several cases, leading to a proposed mechanisms whereby Ag 
provides lubrication in vacuum while the carbide phase provides 
adequate support to reduce the wear. This mechanism was consistent 
with the finite element results presented in section 6.2.6, where it was 
observed that a composite coating microstructure made of a hard 
matrix and embedded soft particulates under frictional hertzian loads 
have maximum tensile and compressive surface stresses similar to a 
pure hard coating when the soft particulate content was 25% or less 
by volume of the coating, even if the friction coefficient reached 0.5. 
This suggests that the wear performance, for films with soft particulate 
contents of 25% or less, will not be degraded by the presence of the 
soft particles.
The observation that the friction is reduced when 15-25% Ag is 
added is a significant finding in this thesis and deserves closer 
attention. In order for a particular coating constituent to be effective in 
reducing friction, it not only must be a solid lubricant, but must also be 
the most surface active element (lowest surface free energy). This 
appears to be the case for silver. However, the element must also 
coat a significant portion of the wear track. At lower Ag 
concentrations, there is insufficient Ag to provide this coating within
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the wear track. At 15-25%, depending on the carbide, the Ag level 
becomes sufficient. I t  may be tha t a percolation threshold for the 
continuity of Ag on the surface of the wear track is reached at that 
concentration. Further analyses of the wear track, possibly using a 
scanning Auger microprobe, will be necessary to confirm this 
hypothesis. However, we have successfully demonstrated the concept 
and utility of carbide/silver coatings for vacuum tribology applications.
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CONCLUSIONS
Nano-indentation hardness testing was used to study the effects of a 
number of film characteristics on hardness levels in mixed carbide 
films. This led to the following conclusions:
1. TiC-HfC films showed that solid solution strengthening is not an 
effective hardening mechanism in carbide films;
2. Crystallographic orientation of nanocomposite films had no direct 
effect on hardness;
3. Alloying with SiC did increase hardness, bu not above bulk rule-of- 
mixtures values. Still, this may be a useful effect because it gives high­
hardness films even though deposited at relatively low temperatures.
4. The hardness level does correlate with increased (compressive) 
stress, but this may structural changes in the film that occur in parallel 
with stress increases.
5. Grain size did not affect hardness, although the range of grain sizes 
obtainable (~10-50 nm) was not large.
Consideration of these results led to the concept of the coating as a 
nano-composite consisting of hard grains, voids, and weak vs. strong 
interlayer phases. The Meyers-Ashworth grain-size strengtheing theory 
is similar in principle, as it considers the material as a composite
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between soft grains and hard grain boundaries. However, its 
application to carbide or nitride coatings appears limited due to the fact 
that deformation of the hard nano-crystalline grains is limited.
The following conclusions were made on carbide-silver films:
1. Phase separation in PVD-deposited carbide-silver thin films occurs 
naturally at moderate temperatures into carbide and silver phases.
2. Carbide-silver film microstructure is dependent on %Ag at a constant 
deposition temperature: low Ag concentrations give nano-particles of 
Ag in carbide, while larger Ag concentrations result in coarser Ag 
particles and surface silver layer; which can ultimately form a bilayer of 
Ag/carbide. The surface morphology depends on the carbide/silver 
interfacial energy and therefore on the type of carbide used.
3. Vacuum friction optimal in carbide/Ag films ~25%  Ag phase. A 
mechanism is proposed whereby the carbide phase stores the silver 
phase and provides adequate support during operation to reduce the 
wear. It is proposed that a certain minimum surface concentration of 
Ag is needed in order to reduce friction.
Modeling of composite coatings using the object-oriented finite element 
analysis led to the following conclusions:
1. Regions of high level of shear stress will develop in the hard material 
of composite coatings, independently of which material forms the 
matrix. The value of the maximum interfacial shear stress also
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increases with particulate addition into a matrix.
2. Tensile and compressive in-plane stresses at the surface increases 
substantially with the addition of soft particulates to a hard matrix for 
both normal load and combined normal and tangential loads.
3. On the contrary, the addition of hard particulates to a soft matrix 
decreases the in-plane stresses at the surface for both normal load and 
combined normal and tangential loads.
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FUTURE WORK
1. High resolution transmission electron microscopy (HRTEM) and 
X-ray microanalysis for fine structures (EXAFS) should be 
conducted to understand the detailed structure of the WC-SiC films.
2. Assessment of the oxidation resistance studies of transition 
metal carbides -  silicon carbide coatings should be conducted to 
determine if SiC additions improves oxidation resistance. These 
studies can be conducted using SEM cross sectional measurements 
of the oxidized layers.
3. Studies of the chemical wear resistance of ternary carbides are 
suggested to find potential new applications for ternary carbide 
coatings.
4. Finite element simulation should be modified to include frictional 
thermal loads in nanocomposite hard-soft coatings.
5. New approaches to nanocomposite coatings are needed to 
remove the restriction of requiring natural phase separation. These 
could include semiconductor patterning techniques.
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